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ABSTRACT
COLLABORATIVE ROBOTICS STRATEGIES FOR HANDLING
NON-REPETITIVE MICRO-DRILLING TASKS CHARACTERIZED BY LOW
STRUCTURAL MECHANICAL IMPEDANCE
Xiangyu Wang
Old Dominion University, 2022
Director: Dr. Krishnanand Kaipa

Mechanical micro-drilling finds widespread use in diverse applications ranging from
advanced manufacturing to medical surgery. This dissertation aims to develop techniques that allow programming of robots to perform effective micro-drilling tasks. Accomplishing this goal is faced with several challenges. Micro-drills suffer from frequent
breakage caused from variations in drill process parameters. Micro-drilling tasks afford
extremely low feed rates and almost zero tolerance for any feed rate variations. The
accompanying robot programming task is made difficult as mathematical models that
capture the micro-drilling process complexities and sensitive variations in micro-drill parameters are highly difficult to obtain. Therefore, an experimental approach is adopted
to identify the feasible parameter space by carrying out a systematic characterization of
the tool-specimen interaction that is crucial for understanding the robotic micro-drilling
process. The diameter of the hole to be drilled on a material is a primary defining
factor for micro-drilling. For the purposes of this dissertation, micro-drills are defined
as having a diameter less than or equal to 1 mm. The Sawyer and KUKA collaborative robots that meet the sensitive speed requirements have been chosen for this study.
A regression analysis revealed a relationship between feed rate and reaction forces involved in the micro-drilling process that matched the underlying mathematical model of
the tool-specimen interactions. Subsequently, this dissertation addresses the problem of

destabilization in robotic micro-drilling caused by the low impedance of the collaborative robot’s cantilever structure. A semi-robotic method that combines force-controlled
adaptive drill feed rate and human-assisted impedance enhancement strategy is developed to address the destabilization problem. This approach is inspired by the capability
of humans to stabilize unstable dynamics while performing contact-based tasks by using
selective control of arm mechanical impedance. A human-robot collaborative kinesthetic
drilling mode was also developed using the selective compliance capability of the KUKA
robot. Experimental results show that the Sawyer and KUKA robots can use the developed strategies to drill micro-holes of diameters up to a minimum of 0.6 mm and 0.2
mm, respectively. Finally, experiments involving drilling in different materials reveal the
potential application of the collaborative robotic micro-drilling approach in composite
repairs, micro-channels, dental drilling, and bone drilling.
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CHAPTER 1

INTRODUCTION

Mechanical micro-drilling is one of the several micro-machining methods used to create micro-holes [1]. Recent trends in industries such as electronics, aerospace, medicine,
and automobiles show a focus on producing miniaturized products and devices that are
“smaller, faster and cheaper.” In this context, mechanical micro-drilling finds widespread
use in diverse applications including but not limited to composite repairs [2, 3], microchannels [4,5], orthopedic surgery [6], manufacturing of highly sensitive products (e.g.,
automotive fuel injection nozzles, watches, medical electronics, camera parts, etc.) [7],
tooth implantation [1], and glass mold industry [8], [9].
The diameter of the hole to be drilled on a material is a primary defining factor for
micro-drilling. The diameter-range of a hole for it to be qualified as a micro-hole depends
on the specific application and the material on which the holes are drilled (0.05 mm - 2.5
mm [10], < 3.175 mm [11], < 3 mm [12] (see Figure 1), < 1 mm [13], 0.03 – 1 mm [14],
etc). Since, there exists no specific standard to define micro-drilling, in order to avoid
ambiguity among different definitions, for the purposes of this dissertation, micro-drills
are defined as having a diameter less than or equal to 1 mm.
Although many robot manipulators have been deployed for drilling tasks, they are
bulky and mostly designed for drilling macro-holes (diameters larger than 3.0 mm)
[6, 15–22]. These macro-robotic drilling approaches are also limited in their application
as they can handle only repetitive drilling tasks, requiring long hours of programming,
and are physically caged off from humans, operating in isolation. As a result, manual
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Figure 1. Diameter range of micro hole size

drilling still prevails in many assembly, maintenance, repair, and surgical tasks, primarily
owing to their non-repetitive nature, where the task parameters (e.g., material type,
shape of the work piece to be drilled, number of holes, distance between holes, and hole
location and orientation, etc.) vary drastically from one task to the next. These manual
drilling tasks are tedious, time consuming, and run the risk of rework and structural
impairment, leading to additional costs. Although extensive research work has been done
in automation of traditional repetitive micro-drilling tasks [23], relatively few robotic
approaches have attempted non-repetitive micro-drilling tasks [24]. However, drilling
micro holes manually is very difficult as the drill bits break easily at this size. This leads
to a design conflict as there is a need to automate the micro-drilling task to overcome the
problem described above, while its non-repetitive nature makes it difficult to program
robots for such tasks.
This dissertation aims to develop techniques that allow programming of robots to perform effective micro-drilling tasks. Accomplishing this goal is faced with several complex
challenges. Micro-drills suffer from frequent breakage caused by even the slightest variation in any drill process parameters (e.g., feed rate, reaction forces, position/orientation
misalignment, etc) experienced during the drilling task. For example, feed rate influences
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the reaction force build up in the drill bit, which can potentially exceed its buckling load
strength, causing the drill bit to break. As such, micro-drilling tasks afford extremely
low feed rates and almost zero tolerance for any feed rate variations. The accompanying robot programming task is made difficult as mathematical models that capture
the micro-drilling process complexities and sensitive variations in the micro-drill parameters are highly difficult to obtain. Therefore, an experimental trials approach is
needed to identify the feasible parameter space by carrying out a characterization of
the tool-specimen interaction that is crucial for understanding the robotic micro-drilling
process.
To meet these objectives, this dissertation develops methods for conducting a systematic characterization of robotic micro-drilling processes. Different aspects of the system
are characterized including the type of micro-drills, speed capability of the robotic system, and relationship between the feed rate and the reaction force experienced by the
drill bit during penetration through the drill specimen. Most of the traditional robotic
systems and CNC machines lack the control resolution to serve these requirements by
generating stable motion at such small speeds. Recent advances in low-cost human-safe
collaborative robots are enabling us to rethink the possibilities of deploying robots for
non-repetitive, tedious, and time-consuming tasks. The Sawyer and KUKA collaborative robots that meet the speed requirements of the task have been chosen for this study.
This dissertation presents the problem formulation involving details of the micro-drills
(e.g., definition, drill bit type, etc.), collaborative robots, and specific aims. This is followed by describing the methods involving details of micro-drill characterization, robot
characterization, data collection schemes, and the micro-drilling plan used in the characterization and validation experiments. The dissertation also provides an experimental
procedure to determine the minimum diameter of the micro-hole that can be drilled
by the two collaborative robots. In Plexiglass material, the Sawyer and KUKA robots
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were able to drill micro-holes of diameters up to a minimum of 0.6 mm and 0.2 mm,
respectively.
Subsequently, this dissertation addresses another important problem comprising
destabilizing effects in robotic micro-drilling caused mainly owing to the low-stiffness
property of the collaborative robot’s cantilever structure. During the drilling process,
undesired transients in the involved interaction forces and torques between the drill bit
and the surface induce instability and misdirection and wandering of the drill bit before
it starts penetrating the surface. This results in a potential damage of the work-piece
surface surrounding the hole. These instability issues are more prominent in robotic
micro-drilling due to the cantilever effects caused by attaching the drill motor to the
end-effector of an articulated manipulator configuration. This dissertation develops a
semi-robotic method that combines force-controlled adaptive drill feed rate and humanassisted impedance enhancement strategy to address these destabilization issues. The
human collaborates with the robot by physically holding the robot’s end-effector and by
providing a complementary stabilizing support to the robot during the drilling process
to enhance drilling performance. This approach is inspired by the capability of humans
to stabilize unstable dynamics while performing contact-based tasks (e.g., tightening a
screw using a screw driver, manual drilling, carpentering, etc.) through using selective
control of arm mechanical impedance [25]. The mechanical impedance adaptation by
the human arm generates resistance force, which can resist any destabilization from the
drilling and acquire better drilling quality.
Finally, experiments are conducted to validate the robotic micro-drilling techniques
developed in this dissertation in potential targeted applications including composite
repair (using the through-thickness reinforcement (TTR) technique), micro-channels,
and bone drilling.
This dissertation is organized as follows. Chapter 2 presents background and related
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work. Chapter 3 presents the motivation, problem formulation, and methods leading
to a systematic characterization of the relationship between feed-rate and reaction force
experienced by the drill bit. Chapter 4 presents the human-assisted impedance enhancement strategy used to stabilize the transients and minimize micro-hole damage. Chapter
5 presents the execution of the micro-drilling methods developed in this dissertation in
targeted applications of TTR-based composite repair, micro-channels, and bone drilling.
This is followed by conclusions and future work presented in the chapter 6.
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CHAPTER 2

BACKGROUND AND RELATED WORK

Micro-hole drilling is gaining increased attention in a wide range of applications like
precision production [7], aerospace manufacturing [3], and certain medical surgeries [26].
Manual drilling is widely used in surgical applications as it is more independent of
workpiece properties and less subjected to thermal deformation. However, it is highly
challenging to achieve perfect accuracy, alignment or the quality of micro-holes with
manual drilling. Moreover, the drill bits break easily at this size. Since the micro-drill
bits usually have a high aspect ratio (length to diameter ratio), any slight increase in the
generated force will result in buckling of drills, leading to widening of the hole, deviation
of the drill from its axis, deformation of the drill as shown in Figure 2, and eventual
breakage of the drill [27]. Typically, the life of micro-drills is randomly distributed
between 1 and 100 holes [28]. Many micro-drilling tasks are also non-repetitive in nature
(e.g., workpiece material may change from one task instance to the next). All these lead
to a design conflict as there is a need to automate the micro-drilling task to overcome the
problem described above, while its non-repetitive nature makes it difficult to program
robots for such tasks.

2.1 MICRO-DRILLING CHALLENGES
The run-out of the drill bit in micro drilling due to the rotational motion error of
the spindle or eccentric chucking of the drill causes deflection of the drill and larger
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Figure 2. Drill deformation caused by robot displacements

radial forces, which may break the drill bit. To gain more insights into this process, the
relationship between the bending deflection of the drill and the radial forces induced
in micro-drilling need to be investigated [29]. Compared to conventional sized drills,
the micro drills have much lower bending rigidity, and the position accuracy of the
hole is considerably deteriorated by unbalanced cutting force as well as inclination or
roughness of the work surface. The position error causes another deflection of the drill.
Additionally, a much higher spindle speed is required to get an ordinary cutting velocity
and higher productivity in micro-drilling. In such cases, bending of the drill induced
by run-out or position error may shorten the tool life by fatigue, even if the induced
bending stress is much lower than the transverse strength.
Figure 3 shows various modes of drilling. Figure 3(a) illustrates the normal drilling
mode, where the rotating axis of the spindle, the axis of the drill and the axis of the
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Figure 3. Various mode of drilling

drilled hole are in line therefore there caused neither bending deflection of the drill nor
radial force.
Figures 3(b) and 3(c) illustrate the position error mode, where the axis of the drilled
hole is misaligned by a position error e from the rotating axis of the spindle. Here, D
indicates the depth of the hole. Figure 3(b) illustrates a condition when the drill tip
starts to bite into the work piece at a misaligned position. In this instance, the rotating
drill beam is simply bent just like a one end fixed, the other end supported beam and
the position of the tip is kept at the misaligned position.
Figure 3(c) illustrates a temporally connected condition in the same mode when
the hole is drilled down to some extent and the drill beam becomes bent like a fixed
beam. Therefore, the radial force tends to increase with an increase in depth of the hole,
because the drill beam shortens the span and moreover changes from a one end fixed,
the other end supported beam to a fixed beam which has a higher rigidity.
Figures 3(d) and 3(e) illustrate the run-out mode, where the rotating axis of the
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spindle and the axis of the hole are in line, but the axis of the drill is misaligned. This
case is caused when there exists a rotating error of the spindle or eccentricity of drill
chucking. The alignment of the rotating axis of the spindle and the axis of the hole can
be obtained by a centripetal action studied in previous works [29, 30]. If the centripetal
action is not enough, a position error remains and both position error mode and run-out
mode coexist. Comparing figure 3(d) with figure 3(e), it can easily be supposed that
the radial force increases with an increase in depth of hole D as similar changes occur
as mentioned above in the position error mode.

2.2 CNC MACHINES FOR MICRO-DRILLING AUTOMATION
Extensive research has been done in automation of micro-drilling machines to meet
the requirements of micro-holes needed in products like printed circuit boards (PCBs)
[23], automotive fuel injection nozzles, watches, and camera parts [7]. The drill-feed
mechanisms used in these automated machines are bulky and meant only for repetitive
drilling tasks. Moreover, CNC machines lack the control resolution to drill micro-holes
of diameters less than 0.6 mm [8].

2.3 ROBOTIC MACRO-DRILLING
Many robot manipulators have been deployed for drilling tasks [15] [16] [17] [18] [19]
[6] [20] [21] [22]. However, they are bulky and mostly designed for drilling macro-holes
(diameters larger than 3.0 mm). These macro-robotic drilling approaches are also limited
in their application as they can handle only repetitive drilling tasks, requiring long hours
of programming, and are physically caged off from humans, operating in isolation. As a
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result, manual drilling still prevails in many assembly, maintenance, repair, and surgical
tasks, primarily owing to their non-repetitive nature, where the task parameters (e.g.,
material type, shape of the work piece to be drilled, number of holes, distance between
holes, and hole location and orientation, etc.) vary drastically from one task to the next.
These manual drilling tasks are tedious, time consuming, and run the risk of rework and
structural impairment, leading to additional costs.

2.4 ROBOTIC NON-REPETITIVE MICRO-DRILLING
Few robotic approaches exist for non-repetitive micro-drilling tasks [24]. One of
the domains where robotic micro-drilling has been applied is bone drilling [6] [31], an
essential task in orthopedics, traumatology, and bone biopsy [31]. A high degree of coordination is required by surgeons to ensure safe and precise surgery while working with
a device or a robot [32]. Cochlear implantation has become the standard treatment for
severe to profoundly deaf patients and requires precise drilling [33]. Many bone drilling
systems are developed which focus on force control, drill-feed actuation, drill diameter,
point angle, drilling speed and feed rate [6]. Brett et al. [24] presented a robotic microdrilling technique for cochleostomy, a precise micro-surgical procedure where the critical
stage of controlling penetration of the outer bone tissue of the cochlea is achieved without
penetration of the endosteal membrane at the medial surface. Working under a surgical
microscope, the drill unit−comprising a precision linear feed actuator, drill drive system
and sensing elements−is aligned by the surgeon in close proximity with the drilling site
on the correct trajectory by using a flex arm, a fine adjustment mechanism and a handheld remote unit. It is then locked in position. Automatic operation of the system is
then triggered using the hand-held remote unit. The micro-drilling device navigates by
using transients of the reactive drilling forces to discriminate cutting conditions, tissue
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state, and medial surface detection before drill break-out occurs. Although, the authors
present methods for micro-drilling, there was no specification of the diameters of microdrills used in their work. Lee and Shih [6] described a three-axis robotic bone drilling
system for applications in orthopedic surgery, which can automatically stop drilling at
the moment a drill breaks through bone. The proposed system consisted of an inner
loop fuzzy controller for robot position control, and an outer loop PD controller for feed
unit force control. The breakthrough detection was achieved as a function of factors like
threshold thrust force, drill torque, and feed rate. drill bit diameters of 3.2 mm to 4.0
mm were considered in their experiments. Wang et al. [31] presented a CNC-based automatic drilling of bovine cortical bones, where they analyzed the effects of drilling speed,
feedrate, and drill bit diameter on drilling force and torque as the drill bit penetrated
the bone. The minimum drill bit diameter used in their experiments was 2.5 mm.
In summary, while a lot of work has been done in different isolated aspects of microdrilling, very little work exists that explicitly addressed the non-repetitive nature of
many micro-drilling tasks.

2.5 ROLE OF IMPEDANCE IN ROBOTIC DRILLING
Drilling is one of the prominent contact tooling tasks [34] (see Figure 4). However,
drilling tasks have intrinsic instability due to vibrations and destructive interactions with
the environment. In particular, factors like the drill bit making a surface contact at a
non-zero spindle speed, drill vibration, and task surface irregularities, lead to undesired
transients in the involved interaction forces and torques between the drill bit and the
surface, inducing instability and misdirection and wandering of the drill bit before it
starts penetrating the surface. This results in a potential damage of the work-piece
surface surrounding the hole. In addition, they often involve hard surfaces and large
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Figure 4. Drilling: one of the prominent contact tooling tasks
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forces. Special attention must be paid to the stability and the force overshoot, or the
robot may damage itself. If the material to drill on is unknown, the situation could be
even more complicated.
2.5.1 LOW-IMPEDANCE NATURE OF MANIPULATOR STRUCTURE
IN ROBOTIC DRILLING
In conventional drilling, any unstable vibrations are usually dampened by the heavy
mechanical structure of the drilling equipment. However, these instability issues are
more prominent in robotic micro-drilling due to the cantilever effects caused by the
low-impedance nature of the articulated manipulator configuration. Further, it can be
noted that these cantilever effects become more pronounced when drilling is performed
at postures farther away from the base of the robot manipulator. The low impedance of
a robot manipulator is the primary drawback that limits its application in the precision
manufacturing industry [35]. Through theoretical research and experiments, it is proved
that the stiffness of the standard industry robot is less than 1 N/µm, only one fiftieth
of the stiffness of a standard CNC machine [36] [37] [38]. Weak stiffness of robots
can significantly reduce the accuracy of the robot’s machining trajectory and machining
surface quality [39]. This calls for the CNC in drilling application due to its high stiffness
and better accuracy. However, CNC drilling machines come with very notable limitations
such as non-suitability for non-repetitive tasks, very limited orientation (mostly only
from the top), and a need for a vast workspace. These limitations contradict with our
focus on non-repetitive micro-drilling tasks, possibly operating in tight spaces.
2.5.2 IMPEDANCE CONTROL ARCHITECTURES FOR ROBOTIC
DRILLING
Despite all the difficulties of the drilling task as mentioned above, humans can still
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easily handle unstable interactions by learning and adapting the mechanical impedance
of the arms [25] [40] [41]. This inspired the well-known interaction control technique of
impedance control introduced by Hogan [42] [43]. Impedance control regulates the interaction between the robot and the environment by establishing a dynamic relationship
between movement and force. This relationship, defined as mechanical impedance, can
generally be modeled as a mass-damping-spring system as in Equation (1), where M , B,
and K are the mass, damping and stiffness coefficients, x and F represent respectively
the movement and the force, and ∆x refers to the distance to a reference position.

M ẍ + B ẋ + K∆x = F

(1)

Due to its good performance and ease of use, impedance control is widely applied
in compliant control such as human-robot interaction [44] [45] [46] and force tracking [47] [48] [49]. Moreover, inspired by [25] [40] [41], researchers develop adaptive
impedance controllers which adapt the impedance similar to humans [50] [51] [52]. To
be more precise, the impedance mentioned above includes both impedance control and
admittance control. Their key difference is that admittance outputs position commands
according to force input, and impedance control does the opposite.
Previous works have made attempts of drilling control from different aspects. In [53],
the authors presented an adaptive impedance controller for contact tooling including
drilling. For drilling tasks, their focus was the quality of the hole. In [54], Olsson et al.
used extra mechanical structures to assist drill positioning and suppressed the horizontal
sliding by active force control. They focused on the precise horizontal position of the
hole. Safety issues were treated seriously in the work of Roveda et al. [55]. They provided
a force overshoot-free approach to contact tasks. However, their research and validation
experiments were based on the context of touch and pressing tasks, and not drilling.
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Bu [56] studied drilling control from the aspects of stability and force overshoot.
They proposed an auto-tuned admittance control-based controller which remains stable
under disturbances during drilling and constrains the force overshoot. Its performance is
confirmed both theoretically and experimentally. The controller also has the advantage
of being easy to use. It only requires position control and does not depend on professional
drilling equipment.
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CHAPTER 3

CHARACTERIZATION OF ROBOTIC MICRO-DRILLING
TASKS

3.1 INTRODUCTION
One of the primary motivations for the work in this dissertation is to develop techniques that allow programming of robots to perform effective micro-drilling tasks. Accomplishing this goal is faced with several complex challenges. Micro-drills suffer from
frequent breakage caused from even the slightest variation in any drill process parameters (e.g., feed rate, reaction forces, position/orientation misalignment, etc) experienced
during the drilling task. Specifically in this context, feed rate is the most important parameter that impacts drilling performance as the feed rate influences the reaction force
build up experienced by the drill bit, which can potentially exceed its buckling load
strength, causing the drill bit to break. As such, micro-drilling tasks afford extremely
low feed rates and almost zero tolerance for any feed rate variations. For example, a
relatively very low feed rate (e.g., 200 µm/s) is needed to drill a micro-hole of 0.3 mm
in Plexiglass material, and a slight increase in the feed rate results in snapping of the
drill bit.
The accompanying robot programming task is made difficult as mathematical models that capture the micro-drilling process complexities and sensitive variations in the
micro-drill parameters are highly difficult to obtain. Although data-driven modeling is
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a promising alternative, the design parameter space (e.g., the range of feedrates, forces,
etc.) must be determined before it can be applied. Therefore, an experimental trials
approach has been adopted to identify and set up the feasible parameter space. This
calls for a systematic characterization of the tool-specimen interaction, which is crucial
for understanding the robotic micro-drilling process and providing insights on identifying the principal parameters and their feasible ranges that impact the overall drilling
performance.
Based on the reasons mentioned above, this chapter is focused on developing methods
for a systematic characterization of the robotic micro-drilling system considered in this
dissertation. This task entails characterizing different aspects of the system comprising
the type of micro-drills, speed capability of the robotic system, and relationship between
the feed rate and the reaction force experienced by the drill bit during penetration
through the drill specimen. Most traditional robotic systems and CNC machines lack
the control resolution to serve these requirements by generating stable motion at such
small speeds. Therefore, the Sawyer and KUKA collaborative robots that meet the speed
requirements of the task have been chosen for this study. This chapter also provides an
experimental procedure to determine the minimum diameter of the micro-hole that can
be drilled by the two collaborative robots.
The chapter organization is as follows. Section 3.2 presents the problem formulation
involving details of the micro-drills (e.g., definition, drill bit type, etc.), collaborative
robots, and specific aims of the chapter. This is followed by Section 3.3 describing
the methods involving details of micro-drill characterization, robot characterization,
data collection schemes, and the micro-drilling plan used in the characterization and
validation experiments. Results are presented in Section 3.4 followed by discussion and
conclusions in Section 3.5.
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3.2 PROBLEM FORMULATION

3.2.1 MICRO-DRILL TOOL

Definition
The diameter of the hole to be drilled on a material is a primary defining factor for
micro-drilling. There exists no specific standard to define micro drilling. The diameterrange of a hole for it to be qualified as a micro-hole depends on the specific application
and the material on which the holes are drilled. As such, different definitions for microdrilling exist in the literature. Sphinx, the Swiss micro drill manufacturer, defined
micro-drilling as having diameters between 0.05 mm and 2.5 mm [10]. Zhuang [11]
defined micro-drills as having diameters less than 3.175 mm. Tibar et al. [13] defined
micro-drills as having a diameter less than 1 mm. Kudla [57] [58] [59] [60] defined microdrills with a diameter of less than 500 µm, while elsewhere Kudla et al. [61] [62] [63] [64]
referred to micro-drills with a diameter less than 1 mm. Kondo et al. [65] defined microdrills as having diameters less than 1 mm. Zheng et al. [14] reported micro-drills as
having diameters in the range 0.03–1 mm. Abouridouane et al. [66] defined micro-drills
as having diameters in the range 50 µm−1 mm.
From the literature, we can see what qualifies as micro-drilling varies greatly between
manufacturers and researchers. To avoid ambiguity among different definitions, it will
be helpful to be more specific and have a clear distinction between macro-drilling and
micro-drilling. Based on the above analysis of the literature, and for the purposes of
this thesis, micro-drills are defined as having a diameter less than or equal to 1 mm.
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Figure 5. Typical geometry of a micro drill

Micro-drill geometry
Due to size-based effects, the physical appearance or the geometry of the drills
changes when the drill diameter is less than or equal to 1 mm. The geometry of a
drill bit heavily influences the way it behaves during drilling. A typical geometry of a
micro drill is shown in Figure 5 [67] [68] [69]. The influence of the shape and geometry
of a micro-drill have been investigated by several researchers [70] [64] [71] [72]. There
are six types of drill available on the market:
1. Twist
2. Spade
3. D-shaped
4. Single-flute
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5. Compound tool micro-drill
6. Coated micro-drill
Among these, the twist type micro drill has the most intricate, and also the most
advantageous shape of the cutting part. In terms of applications, this micro-drill type
has the highest proportion of market demand. Features of the twist-type micro-drill are
shown in Table 1. In this dissertation, all the experimental analysis is focused on the
twist-type drill bit.
Considering the differences in cross-sectional profiles of miniaturised twist drills, they
can be classified into three main groups. The first group of drills with a diameter range
of 0.5 mm < d < 1 mm, is similar in shape to normal range drills. The only variation
is the absence of the step in margin forming undercut. The second group of drills ranges
between 0.2 mm < d < 0.5 mm in diameter, and is characterized by the nonappearance
of the margin (the whole land surface is of the same diameter) and gradual enlargement
of the web. The third group of drills have diameters less than 0.2 mm with a reinforced
shank, in which the relative web thickness is considerably larger than that in the other
groups [62].

Micro-drill material
For successful micro-drilling operations, the drill materials must have following properties:
• Adequate material hardness to withstand the cutting force at the tool/specimen
interface and high temperature at the chip/tool interface
• Excellent wear resistance to avoid tool wear and extend tool life
• Sufficient rigidity and toughness to prevent tool fracture and breakage
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Feature
Hole size [73] [74]
Aspect ratio [75] [76]
Spindle (rotational)
speed (k rpm) [75] [77] [78]
Point angle (deg.) [79] [80]
Helix angle (deg.) [79] [80]
Feed rate
Others

Parameter
Typical
Min
Typical
Max
Typical
Max
Typical
Best performance
Typical
Best performance
Min (µm/s)
Max (mm/s)
Tool life
Chip removal
Commercial availability

Value
> 50 µm
10 µm
< 10 d
24 d [72]
30−200 Depending on
drill diameter materials
350 [77]
90−140
120−130 [81]
20−50 [71]
35−45 [68] [77]
50 [82]
200 [83]
Low
Fastest
High

Table 1. Features of twist-type micro-drills

Whereas a wide variety of materials and alloys are used in macro-scale drilling, a limited
choice exists for micro-drilling [1]. The most common and commercially available microdrill materials include tungsten carbides (WC), high speed steel (HSS), cermet, and
polycrystalline diamond (PCD) [78], [84]. Among them, WC and HSS are most widely
used due to their favorable price to quality ratio [11]. As such, micro-drills made out
of WC and HSS are used in all micro-drilling experiments conducted as a part of this
thesis.
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Applications of interest
Recent trends in industries such as electronics, aerospace, medicine, and automobiles
show a focus on producing miniaturized products and devices that are “smaller, faster
and cheaper.” In this context, micro-drilling finds widespread use in diverse applications
including but not limited to those listed below. Table 2 lists typical hole diameters in
different micro-drilling applications.
• Composite repairs [2] [3]
• Microchannels [4] [5]
• Orthopedic surgery [6]
• Manufacturing of highly sensitive products such as automotive fuel injection nozzles, watches, medical electronics, and camera parts [7]
• Tooth implantation [1]
• Glass mold industry [8] [9]
In this dissertation, we are focused on micro-drilling for use in composite repairs,
micro-channels, orthopedic and other bone-related drilling tasks, and dental surgery.
Based on the targeted applications, the material specimens chosen for the drilling tests
included 3D-printed plastic, plexiglass, Hexcel IM7 8552 unidirectional carbon fiber,
and bone specimens. A summary of most drill parameters in this dissertation is listed
in Table 3.
3.2.2 EXPERIMENTAL ROBOTIC TEST BED
Recent advances in collaborative robotics [85] [86] enable us to rethink the possibilities in which robots can be deployed for non-repetitive, tedious, and time-consuming
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Micro drilling Application
Composite repairs
Microchannels
Orthopedic surgery
Manufacturing
Tooth implantation
Glass mold industry

Hole diameter of task object
500 µm
0.2-1 mm
500 µm
500 µm
500 µm
0.4-0.8 mm
0.4-0.5 mm (25%)
0.6 mm (60%)
0.7-0.8 mm (15%)

Table 2. Typical hole diameters in different micro-drilling applications

tasks. In this thesis, the Sawyer robot from Rethink Robotics and the KUKA LBR Med
Collaborative robots are identified as suitable candidates to implement the proposed
micro-drilling strategies and are used as the test beds during experimental validation.

Sawyer Collaborative Robot
The Sawyer robot is a flexible, easy to use, high-performing lightweight robot from
Rethink Robotics. In particular, it is a seven-axis robotic arm manipulator, which offers
capabilities of safe physical interaction with a human co-worker, kinesthetic teaching,
and force control. It has a maximum reach of 1260 mm and can maneuver into tight
spaces and around fixtures, doors, and sometimes in places where humans find it difficult
to reach or complete a task. The robot enables the human to perform kinesthetic
teaching of drill coordinates and the path to the destined coordinates.
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Figure 6. Robotic micro-drilling setups: a) Sawyer attached with Vero-Blue
without human support (Top left image); b) Sawyer attached with Vero-Blue
with human support (Top right image), c) Sawyer attached with Vero-white
(Bottom left image); d) Kuka attached with Vero-white housing (Bottom right

housing
housing
housing
image)
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Micro-drill parameters in this dissertation
Hole diameter range
Drill bit type
Drill bit material
Spindle speed
Feed-rate range

Values
200 µm - 1 mm
Twist Drill
Carbide, HSS
5,000 rpm - 35,000 rpm
0.1 mm/s - 20 mm/s

Table 3. Overall summary table with the drill parameters in this dissertation

KUKA LBR Med Collaborative Robot
The KUKA LBR Med 7 R800 is a seven-axis light-weight collaborative robot primarily meant for medical applications. Based on the sensitive KUKA LBR iiwa (intelligent
industrial work assistant) robot that has proven itself in industrial environments, the
LBR Med is likewise equipped with redundant integrated torque sensors. These endow
it with strong haptic capabilities, the ability to perceive external influences, and safe
collision detection, making the LBR Med HRC-compliant. The LBR Med has a maximum payload capacity of 7 Kg, a maximum reach of 800 mm, achieves an outstanding
repeatability of ± 0.1 mm to ± 0.15 mm, and axis-specific speed accuracy of ±2 % at
maximum speed. The robot also offers back-drivability and impedance control.

Micro-drilling End-effector
Two end-effector prototypes were built. The first prototype consisted of a Dremel
200-N/15 0.9 Amp 2-Speed drill, attached to the robot’s end effector through a custom
designed housing, which was 3D-printed using Vero-Blue Poly-jet material in a Stratasys
Objet3D printer. The housing was designed to ensure that the dremel drill was tight-fit
to the robot, minimizing any coupling vibrations at the end effector during the process
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of drilling. This was achieved by having four small blocks of stainless steel, with a
threading for a screw, inserted into four small cavities in the housing. Also, screws with
threading were fastened through both steel blocks and the housing to make frictional
contact with the body of the Dremel drill to ensure a tight fit. The total mass of
the attachment including both the drill and the housing was about 680 grams, which
is relatively lighter compared to traditional bulky industry robots, thereby achieving
better maneuverability.
The second end-effector prototype consisted of a Dremel 4000 multi-speed drill, attached to the robot’s end effector through a custom designed housing, which was 3Dprinted using Vero-White Poly-jet material in the Stratasys Objet3D printer. The flange
of the housing was designed in a way that it could be matched and attached to either the
Sawyer robot or the KUKA robot. This allowed for an easier switching of the micro-drill
tool between the two robots.
3.2.3 SPECIFIC AIMS
• Specific Aim 1: Experimentally characterize the interaction between the drill bit
and the material surface in the drill-direction. Specifically, for a given spindle
speed of the micro-drill, experimentally investigate the relationship between drill
feed-rate and force buildup as the micro-drill contacts and penetrates the material
surface.
• Specific Aim 2: Experimentally determine the minimum diameter of the hole
that can be drilled by the robotic drill system

3.3 METHODS
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3.3.1 MICRO-DRILL CHARACTERIZATION

Micro Drill dynamic factors
The main purpose of performing a characterization of the microdrills in the context
of this dissertation is to determine the key factors and drilling conditions that result
in the breakage of the microdrills. We show in the following that the buckling load
strength of a drill bit changes non-linearly with a change in the drill bit diameter for a
given length of the drill bit. When drilling micro holes, the dynamic characteristics of
drill bits and their relationship to hole quality are the most critical factors. The stiffness
of a drill is proportional to the fourth power of its diameter and inversely proportional
to the second power of its length [87]. The relative torsional rigidity of the micro-drill
can be increased by increasing the web thickness [88]. Decreasing the drill diameter or
increasing the aspect ratio makes micro-drills quite susceptible to dynamic deformation
and somewhat unstable, and even a small increase in the flute length causes a drastic
reduction in the drill’s life.
The critical speeds and the buckling loads will improve with an increase in the crosssectional area and of the helix angle and improve markedly with decreasing the flute
length or by increasing the degree of boundary restraint [89]. The buckling loads decrease
almost linearly with an increase in the rotational speed of the drill.
The micro-drill can be modeled as a pre-twisted, rotating beam subjected to a compressive axial force and radial forces at the drill tip. The critical speeds are determined
for drills subjected to compressive axial forces, where the effects of transverse shear,
rotary inertia and gyroscopic moments will be taken into account. A long slender drill
inserted in a chuck constitutes a column with one rigid support, and the displacement
pattern of the drill can be calculated by using classical column analysis. Such models
were used for analyzing deflections of drill bits of conventional sizes [90] [91].
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Buckling analysis of Micro Drill bits
The drill bits we used in the drilling experiment in structure wise are mechanical
columns, which are ideally straight and relatively long and slender. A column is a long,
slender member that carries an axial compressive load and that fails due to buckling
rather than due to failure of the material of the column [92].
The drill bit is a structural member that carries an axial compressive load and that
tends to fail by elastic instability, or buckling, rather than by crushing of material. Elastic instability is the condition of failure in which the shape of the column is insufficiently
rigid to hold it straight under load. At the point of buckling, a radical deflection of the
axis of the column occurs suddenly. Then, if the load is not reduced, the column will
collapse or break.
Any column has a slenderness Ratio Sr . Slenderness Ratio is a parameter to aid
in the selection of the method of performing the analysis of straight, centrally loaded
columns. The slenderness ratio is the ratio of the effective length of the column to its
least radius of gyration. For the drill bit with a relatively circular cross section, the
radius of gyration rG is uniform as d/4, in which d is the cross-section circle diameter.
L is the column actual length of the column between supports. k is the effective length
factor 1, 0.5, 0.7, or 2, as appropriate [93] (see Fig. 7).

Sr =

kL
4kL
kL
=
=
rG
d/4
d

(2)

For our drilling experiment, it is a fixed-free structure, with k = 2, so

Sr =

4kL
8L
=
d
d

(3)

Determine whether a column is long or short based on the value of the slenderness
ratio in comparison with the column constant Cc .
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Figure 7. Various K for effective length for different end connections
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s
Cc =

2π 2 E
σY

(4)

In this equation, E is the material young’s module, and σY is the yield strength.
For a given column with the slenderness ratio greater than the column constant, the
column is considered “long” and the Euler formula should be used. The Euler formula
is:

Pcr =

π 2 EI
(kL)2

(5)

Where I is the moment of inertia, and for a circular shape:

I=

πd4
64

(6)

Pluging I and k into the Euler formula, we will have the critical load Pcr . For any actual
load larger than Pcr , the drill bit will buckle or break.

Pcr =

π 2 EI
π 2 Eπd4
π 3 Ed4
=
=
(kL)2
64k 2 L2
256L2

For example, for a drill bit with the following parameters:
L = 10 mm = 0.01 m
d = ϕ 0.6 mm = ϕ 0.0006 m
E = 207 GPa
σY = 760 MPa
The Slenderness Ratio and the column constant would be:

(7)

31

4kL
8L
8 ∗ 0.010
=
=
= 133.3
d
0.0006
sd
r
2π 2 E
2π 2 ∗ 207 ∗ 109
=
=
= 73.2
σY
760 ∗ 106

Sr =

(8)

Cc

(9)

We can see that Cc < Sr , so, we have to refer to the Euler formula for the critical
load is:
Pcr =

π 3 Ed4
π 3 ∗ 207 ∗ 109 ∗ 0.00064
=
= 32.4N
256L2
256 ∗ 0.012

(10)

But for d = 0.5mm = 0.0005m the critical load:

Pcr =

π 3 ∗ 207 ∗ 109 ∗ 0.00054
π 3 Ed4
=
= 15.6N
256L2
256 ∗ 0.012

(11)

We can see that even with a 0.1 mm difference at the cross-section diameter, the critical
load changes a lot.
For the given drill bit, the figures (see Fig. 8) of Sr and Cc vs drill bit diameter
shows Sr > Cc until d > 1.1mm. Before that, the Euler formula is applicable. From the
figure of Pcr vs drill bit diameter (see Fig. 9), we can see that Pcr improves with the
diameter increasing, and the length decreases.
Fig. 10, with 0.4 mm as the upper limit, it is obvious that the length difference
makes a lot of difference on the final critical load.
3.3.2 ROBOT CHARACTERIZATION
The minimum feedrate capability of the Sawyer and KUKA collaborative robots is
characterized here as it is one of the key factors that determines the smallest diameter
of the microdrill that can be successfully used by the robot without suffering from
frequent breakage of the drill bit. The underlying rationale can be explained in the
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Figure 8. Slenderness ratio Sr and Column constant Cc vs drill bit diameter
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Figure 9. Critical axial load Pcr (N) vs drill bit diameter
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Figure 10. Critical axial load Pcr (N) vs drill bit diameter (until 04 mm)
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following way. Whereas macro-drills are subject to wear out before breakage occurs,
microdrills frequently break down before they wear out [62]. This is primarily owing
to the relatively high loads acting on the drill compared to its strength. Even a slight
increase in the forces can cause the microdrill bits to break. The buckling load on
the drill is caused by the force build up in the drill direction as the drill comes in
contact with the workpiece and penetrates it. This force build up is a function of the
motion parameters−speed/feedrate and acceleration−of the microdrill. In all the drilling
experiments in this thesis, a trapezoidal velocity profile is used for the motion of the
microdrill, and it is assumed that the microdrill has passed the acceleration phase and is
moving in the constant velocity phase during contact with, and penetration through, the
workpiece. Therefore, only the feedrate is considered for analysis, as the key factor that
influences the force build up, and thereby its critical value that results in the breakage
of the microdrill.
Based on the above analysis, the motion of the two robots was analyzed at low
speeds (< 25 mm/s). It was observed that the Sawyer robot’s motion became unstable
when it was run at speeds less than 20 mm/s in the drilling (vertically down) direction.
Therefore, the minimum feedrate of the Sawyer robot was set to 20 mm/s. The KUKA
robot was able to reach a minimum feedrate of 0.1 mm/s (100 µm), while maintaining
stable motion of the drill bit. It was found that this was the key deciding factor that
enhanced the microdrilling performance at very tiny diameters of the microdrill bits.
3.3.3 DATA COLLECTION

ROS based acquisition
Sawyer runs on the Intera platform - Rethink’s ROS-based software platform [94] [95].
Through the Intera SDK platform, we can apply bag-recording command to save all the
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consecutive data of a complete drilling practice. Every joint of Sawyer is embedded with
sensitive built-in torque sensors, so there are no external sensors needed. Recording
endpoint-state data of the sensor at the end effector allows us to measure and monitor
the real time speed and force during the drilling.
Sensitive torque sensors embedded into every joint allow constant force control where
delicate part insertion is critical or allow use of force feedback in tasks where verification
of properly seated parts is needed. Built-in force sensing capabilities allow it to make
adaptive decisions as tasks run, enabling Sawyer to work precisely, while operating safely
next to people.
Sawyer runs Rethink’s ROS-based software platform Intera. Without requiring additional hardware, software, or integration, Intera enables a wide variety of applications
including force and position control and kinesthetic teaching.
1. By controlling both force and position, Saywer controls the amount of force it
applies to different directions, the same way people do when performing tasks,
eliminating the need for additional sensors or hardware.
2. Sawyer features the interactive control system as kinesthetic teaching. The robot
can be trained by simply demonstrating the procedure moving its arm. We can
teach the robot to do simple tasks just by grabbing it by the wrist and showing it
once, and it will adapt to minor changes in its environment without any additional
input.
3. The Intera software - that is continually updated and delivers production metrics
in real-time enables measuring real time speed and force during the drilling.
The combination of hardware and software allows Sawyer to be deployed faster and
easier in more tasks and applications, and without time-consuming customization.
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Our research interest is to study the force and velocity characterization along the
drilling direction. The endpoint-state data in the bag file has 19 dimensions, which
include the force and velocity data along the drilling direction. In particular, the 19
dimensional data vector consists of the following elements:
• Three dimensional cartesian position of the end-effector (x, y, z)
• End-efftor orientation in terms of four dimensional quaternion coordinates
(ϕx , ϕy , ϕz , w)
• Linear velocity or twist (vx , vy , vz )
• Angular velocity or twist (ωx , ωy , ωz )
• Force or wrench (Fx , Fy , Fz )
• Torque (τx , τy , τz )
High speed camera
The Photron Fastcam Nova S6 high-speed camera (see Fig. 11) was used for video
based observation of the microdrilling tasks and revealing the temporal details of interaction between the drill tool and the workpiece surface in the time windows of a few
microseconds and milliseconds.
Photron uses its unique CMOS image sensor technology, coupled with its extensive
high-speed digital imaging expertise to provide a camera with the flexibility to be used
in a wide variety of applications needing high frame capture rates [96]. The camera offers 12-bit image recording rates up to 6,400 frames per second (fps) at megapixel image
resolution, and shutter speeds of less than 200 ns. Recording rates up to 800,000 fps are
available at reduced image resolutions. The camera is rugged, compact, lightweight and
provides one of the best light sensitivity capabilities available in the market. camera
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Figure 11. Experimental setup with Photron Nova S6
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has features including an internal mechanical shutter to allow remote system calibration, a high-performance Gigabit Ethernet interface for camera control and high-speed
download, memory segmentation that allows recording into one memory partition while
downloading from another. The camera also features a sealed body design that prevents
dust and corrosive particles from contaminating sensitive electronics. The camera is
compatible with a number of industry standard lens formats to allow the use of Nikon
G-Type, C-mount and Canon EF lenses.
The pictures of the drill bits can be seen in Fig. 12. There are 5,437 frames for a
video of duration about 0.85 seconds, and the shutter speed is about 154.3 µsec. Nine
frames are shown to illustrate the frames, and they are the first three frames, any middle
three frames, and the last three frames.

Microscope
A Dino-Lite digital microscope AM73115MTF was used to measure the hole diameter
and analyze drill quality [97]. It comes with a calibration panel and magnification
rate up to 70x, which helps in better quality of measurements of micro profiles (see
Fig. 13). The digital microscope comes with image processing software that provides
features to accurately measure hole diameters. The Dino-Lite USB microscope includes
software for PC (DinoCapture) and Mac (DinoXcope). The software is robust and easy
to use with extensive features allowing image capture, storage and email, live and time
lapse video (up to 30 fps), measurement with calibration, annotation, geotagging, full
screen capability, auto and manual exposure control, and picture within picture zoom
(magnifier). MicroTouch snapshot function is also standard on the Dino-Lite Edge series.
Dino-Lite Edge microscopes are supplied with exchangeable endcaps to adapt for
any professional application. The different end caps supplied include a closed cap for
protection of the lens in dusty environments or when working with liquids, a diffuser
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Figure 12. Fastcam Nova S6 on drill picture frames
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Figure 13. Dino-Lite digital microscope AM73115MTF

cap to spread the light on the object evenly and an open collar for extended working
distance. By removing the end cap, the full range of magnification can be used or more
working space can be achieved.
3.3.4 MICRO-DRILLING PLAN
Mathematical models of the micro-drilling tasks considered in this thesis are highly
difficult to obtain. Although data-driven modeling is a promising alternative, the design
parameter space (e.g., the range of feedrates, forces, etc.) must be determined before it
can be applied. Therefore, an experimental trials approach has been adopted to identify
and set up the feasible parameter space. The following considerations have been analyzed
to determine the course of the experiments and the micro-drill plan:
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• If the feedrate is too high (e.g., > 20 mm/s), there is a risk of breakage of the drill
bit, while the drill motion becomes unstable and, hence, the drilling orientation
deteriorates if the feedrate is too low in the case of the Sawyer robot.
• If the hover position is too high, it will waste experiment time, while a too low
hover position will not allow enough time for the drill to accelerate from rest and
stabilize its motion before contacting the workpiece and will potentially break the
drill bit.
• The total depth traveled by the drill bit corresponding to its retract position has
to be low enough to guarantee the drill through of the complete depth of the target
specimen, but it cannot be too low because it may lead to the conic part of the
upper portion of the drill bit touching and damaging the specimen surface.
• The drill bit length has to be small enough for the micro drilling to be feasible, but
not too small, because we do not want to run into drill bit breakage and non-typical
conditions in a characterization study.
Accordingly, the micro-drill plan consists of the following stages: (1) Approach
(drill bit moves downward from a hover location above the drill specimen until making
contact with it), (2) Penetration (continues motion by penetrating through the drill
specimen), (3) Drill-through (continues motion until the drill bit completely exits
through the bottom face of the specimen and comes to a halt), and (4) Retraction
(drill bit retracts upward to the hover location). The micro-drilling plan parameters
include:
• Spindle speed ω = 15,000 rpm.
• Feed rate vf = 20 mm/s; a trapezoidal velocity profile was chosen for the drill motion with acceleration af = 300 mm/s2 and the maximum velocity of the trapezoid
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set at vf .
• Drill hover height (start location of the drill) zh = 368 mm. The hover height is
set such that there is sufficient time for the drill bit to accelerate downward and
stabilize at a constant speed vf before making contact with the specimen.
• Drill bit retraction height zr = 314 mm; this corresponds to the location where the
drill bit starts retracting upward after completely piercing through the specimen.
When an array of micro holes is desired, the micro holes are drilled in a sequence,
whereby the drill-bit hovers over each hole coordinate, a drill-feed is provided directly
until the hole of desired depth is drilled, the drill-bit is retracted and moved to hover
over the location of the next adjacent micro hole to be drilled.

3.4 RESULTS

3.4.1 CHARACTERIZATION RESULTS
A micro-drill of diameter ϕ = 0.6 mm was used for the characterization study. A
plexiglass sheet with a thickness of t = 3 mm was chosen as the workpiece specimen for
the drilling task. The drilling task starts at zh , retracts at zr , and stops at zh again.
The robot tool tip sensed speed in the z direction can be regarded as the actual drill bit
feed rate during the complete working period. The robot tool tip sensed force in the z
direction can be regarded as the reaction force experienced by the drill bit due to the
resistance (impedance) offered by the specimen to the drill bit’s penetration through the
specimen material. Five trials were run for this study. A single hole was drilled for each
trial.

44

Figure 14. Velocity and Force vs Time (1st trial)

3.4.2 CHARACTERIZATION ANALYSIS OF FEED RATE AND REACTION FORCE
The results of the micro-drill plan execution were as follows. Figures 14 and 15 are
the results of the first and second trials, respectively. Figure 16 is the average result of
all the five trials, and Figure 17 is the zoomed version of it, revealing the force-velocity
relationship when the drill-surface interaction takes place. We use Figures 16 and 17 to
interpret the results. In these figures, the horizontal (x) axis is time t, and the vertical
(y) axis has two parameters:
1. The feed rate vs sensed at the robot’s tool tip in the vertical (z) downward direction
(depicted in blue in Figures 14, 15, 16, 17.)
2. The force fs sensed at the robot’s tool tip in the Z upward direction (depicted in
red in Figures 14, 15, 16, 17.)
The feed rate and reaction force data collected during the same experiments were
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Figure 15. Velocity and Force vs Time (2nd trial)

Figure 16. Velocity and Force vs Time (ave)
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Figure 17. Velocity and Force vs Time (enlarge1)

also plotted as a function of the vertical (z) position of the drill bit in order to verify the
different stages observed in the temporal graphs plotted before. Figures 18, 19, 23, and
21 are the corresponding graphs showing the spatial variation of feed rate and reaction
force, respectively.
The feed rate and reaction force variables are analyzed during the different
stages−approach, touchdown, penetration, drill-through, coming to a halt, and
retraction−of the micro-drill plan as follows:
• Approach. Due to the high acceleration setting (af = 300 mm/s2 ), we can see
from Figure 16 that the sensed speed vs jumped from zero to the desired speed
of vf = 20 mm/s in a very short period. In this period, the drill bit’s feed rate
overshoots before it stabilizes at the target feed rate of vf = 20 mm/s. The drill
feedrate starts stabilizing at this speed around t = 0.5 s (around z = 360 mm;
see Figure 20). Hereafter, the feed rate remains stable at 20 mm/s for quite a
long period (t = 0.5−2.38 s) when the drill bit is moving downward freely in the
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Figure 18. Velocity and Force vs Z-position (1st trial)

air until it makes contact with the drill specimen around z = 319.2 mm. During
this approach period (t = 0 s to 2.38 s), it can be seen that the reaction force is
relatively stable at fs = 0 N, because there is no reaction force experienced by the
drill bit.
• Touchdown. Around t = 2.38 s, the speed decreases drastically, and a little later
(t = 2.53 s), it is close to zero (v = 3.454 mm/s), with the drill bit almost coming to
a stop at z = 318.1 mm. Correspondingly, the sensed reaction force fs increases to
4.43 N at 2.53 s. Therefore, we can conclude that this period t ∈ (2.38 s, 2.53 s),
during which the feed rate decreases rapidly and force increases, corresponds to
the drilling process when the drill bit first contacts the specimen and begins to
remove material and thereby penetrates the specimen. In particular, the drill
specimen offers maximum resistance (impedance) to the drill-bit’s motion at touch
down, according to a static stiffness model (f = ke × xe ), since the material
removed off the specimen is zero at touch down, and very negligible for a few
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Figure 19. Velocity and Force vs Z-position (2nd trial)

Figure 20. Velocity and Force vs Z-position (ave)
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Figure 21. Velocity and Force vs Z-position (enlarge1)

Figure 22. Velocity and Force vs Time (5 trials)
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Figure 23. Velocity and Force vs Z-position (5 trials)

microseconds duration thereafter. This explains why the sensed feed rate of the
robot decreases drastically during touch down. A more precise nature of this
phenomenon (deviation from desired feed rate) can be attributed to the robot’s
closed-loop control tracking response to external force disturbances.
• Penetration. However, as the material removal rate increases from zero (at touch
down) and as the drill bit penetrates the specimen, the resistance to the drill bit
motion caused by the specimen decreases from a maximum value until it reaches a
steady state, where the reaction force mainly follows a damping model (fs = b ×
vs ). This is evident in how the feed rate starts to increase after t = 2.53 s and
reaches vs = 16.94 mm/s at t = 2.71 s and z = 315.5 mm. The reaction force
during this stage increases according to the damping model up to approximately
fs = 10 N around t = 2.71 s.
• Drill-through. From around t = 2.71 s to 2.79 s, the feed rate jumps in an almost
vertical ratio from vs = 16.94 mm/s to 46 mm/s, respectively. Correspondingly,
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during the same period, the reaction force drops drastically from fs = 10 N to 4N.
These changes occur at a height of z = 311.6 mm. From these observations we can
conclude that at t = 2.71 s, the specimen is drilled through, where the specimen’s
resistance to the drill bit’s motion drops to zero. Due to the momentum of the
drill bit, it undergoes a brief jerky motion downward after drill-through, explaining
why the sensed feed rate overshoots to a value (46 mm/s) much more than the
commanded feed rate (20 mm/s).
• Coming to a halt. From t = 2.79 s to 2.9 s, the feed rate drops sharply from v =
46 mm/s to 0 mm/s (equal to the desired feed rate at the end of the velocity profile),
and the reaction force drops to approximately fs = -2 N. Thus, the jerky motion
of the drill bit ends at t = 2.9 s, which corresponds to the retraction point. Due
to the jerk effect, this location could be a little lower than the designated retract
height of zr = 314 mm. This behavior in the space domain will be analyzed in the
next section.
• Retraction. From t = 2.9 s to 3.5 s, the drill bit starts retracting upward under
the influence of the designated acceleration of af = 300 mm/s2 . After an overshoot
behavior similar to the one during the drilling phase, the retraction speed stabilizes
at the commanded v = -20 mm/s. After t = 3.5 s, the retraction speed is stable
at v = -20 mm/s and reaches 0 mm/s, with the drill bit coming to a halt at t =
5.8 s. The reaction force recovers to around fs = 0 N during the retraction phase.
From the above analysis, it can be seen that the drilling process−touchdown, penetration, drill through to retraction point−occurs from t = 2.38 s to 2.9 s. This period is
the primary focus of analysis in order to study and characterize the drill-specimen interaction, while the other time-sections of the collected data are more about feed-in and
retraction. In order to verify the consistency of the analysis, the data from all the five
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plots were plotted on the same graphs, as functions of both time and z position in figures
22 and 23, respectively. It can be seen from these graphs that, although there are slight
differences between the individual trials, the feed rate and reaction force demonstrate
the same pattern across all the trials.
3.4.3 RELATIONSHIP BETWEEN FEED RATE AND REACTION FORCE
In the previous subsection, the feed rate and reaction force were graphed and analyzed
separately as functions of time and z position, respectively. A qualitative analysis of the
relationship between the two variables was provided by graphing them simultaneously
on the same plots and using two different scales on the vertical axis. Here, a more
formal treatment is presented by developing a mathematical model of the relationship
between feed rate and reaction force and performing a quantitative analysis of the force
and velocity data collected from the Sawyer robot during the micro-drilling experiments.
We assume that the environment (drill specimen) can be locally modeled by a viscoelastic system [56]. Accordingly, the interaction force exerted by the environment can
be expressed as:
fs = −ke ∆x − be vs

(12)

where ke and be are the stiffness and the damping coefficient of the environment, and
∆x is the deformation of the environment.
In the context of drilling, as the drill bit penetrates the drill specimen, it destroys
the environment instead of deforming it. Therefore, the term ke ∆x is zero. Therefore,
the above equation is simplified as below:

fs = −be vs

(13)

A regression analysis of the data collected during the penetration phase
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Figure 24. Regression analysis result of the relationship between feed rate and reaction
force (be = 0.5711; r = 0.9942)
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Time (s)
2.53
2.54
2.55
2.56
2.57
2.58
2.59
2.60
2.61
2.62
2.63
2.64
2.65
2.66
2.67
2.68
2.69
2.70
2.71

Position Z (mm)
318.13
318.07
317.97
317.90
317.84
317.73
317.65
317.55
317.44
317.34
317.24
317.12
316.98
316.85
316.69
316.50
316.24
315.93
315.50

Feedrate vs (mm/s)
3.454
3.837
4.506
5.083
5.406
5.628
6.163
6.777
7.532
8.003
8.376
8.921
9.327
9.753
10.498
11.380
12.539
14.456
16.937

Reaction force fs (N)
4.432
4.810
5.137
5.436
5.716
6.020
6.324
6.627
6.938
7.240
7.545
7.847
8.158
8.500
8.857
9.176
9.430
9.591
9.623

Table 4. Position, feedrate, and reaction force data (average) collected in five trials
during the penetration phase

(t ∈ (2.53 s, 2.71 s), shown in Table 4, revealed a relationship between feed rate
and reaction force as shown in Figure 24, with an estimated value of be = 0.5711 (r =
0.9942).
3.4.4 EXPERIMENTAL DETERMINATION OF MINIMUM DIAMETER
OF MICRO HOLE DRILLED WITH THE COLLABORATIVE ROBOTS
The procedure adopted to experimentally determine the minimum diameter of the
micro hole drilled by the robotic system consisted of the following steps:
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Figure 25. The process of a successful drilling with a drill bit of 0.6 mm diameter
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Figure 26. The process of a failed drilling with a drill bit with a 0.5 mm diameter
broke

57
1. Start with an initial micro-drill of 1 mm diameter and initialize the drill parameters
for a successful drill execution. The drill parameters included drill feed rate (set
using the maximum speed and acceleration of a trapezoidal velocity profile of the
drill bit’s motion), spindle speed, hover height, and retraction height.
2. Decrease the micro-drill diameter by 0.1 mm (100 µm) and test the same drill plan
as before.
3. If the drill plan is successful, go to the previous step and continue.
4. Otherwise (that is, if the drill bit breaks), change the drill parameters to find a
successful drill plan. However, only feed rate was the parameter chosen for variation. The rationale for choosing only feed rate for variation comes from Section 3.3,
where feed rate was shown to be the most crucial among all the drill parameters
that influences the force build up and given that buckling load strength decreases
non-linearly with a decrease in the drill bit’s diameter. Other drill parameters
were fixed at values initialized for the 1 mm drill case. Keep reducing feed rate in
suitable discrete steps until a successful drill plan is found, update the feed rate
to this new value and go to step 2.
5. However, if the chosen feed rate reaches the lowest speed limit of the robot and the
drill execution still fails, resulting in breakage of the drill bit, then the drill diameter
in the previous successful drill plan is determined as the minimum diameter of the
micro hole drilled by the collaborative robot, and the procedure is terminated.
The procedure described above was first tested with the Sawyer robot, starting with
a drill diameter of 1 mm and drill parameters fixed at values used in the characterization
experiments presented in the previous section. The Sawyer robot was able to successfully
drill up to a diameter of 0.6 mm (see Figure 25) at its lowest stable feed rate limit of
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20 mm/s. The drill plan failed at a drill diameter of 0.5 mm and the Sawyer robot had
already hit its lowest speed limit. Figure 26 shows the snapshots from the high speed
camera video footage of the experimental trial showing the breakage of the 0.5 mm drill
bit. Therefore, 0.6 mm was established as the minimum diameter of the microhole that
can be drilled by the Sawyer robot.
As a next step, the same experimental procedure was tested with the KUKA robot,
starting with an initial drill diameter of 0.5 mm. The KUKA was successfully able to
drill micro-holes all the way up to 0.2 mm, which was achieved at a feed rate of 0.2
mm/s. Therefore, the minimum diameter of the micro hole drilled by the KUKA robot
so far was determined to be 0.2 mm. The KUKA robot’s capability to drill microholes
of so low diameters can be attributed to its stable motion at extremely low speeds of
0.1 - 0.2 mm/s.

3.5 CONCLUSIONS
This chapter presented the development of a collaborative robotic system for drilling
of micro-holes of diameters ranging from 0.2 mm to 1 mm, with targeted applications in
composite repairs, microchannels, and bone drilling. Methods and data collection techniques that allowed a systematic experimental characterization of tool-specimen interactions underlying the robotic micro-drilling process were developed and implemented.
The force, velocity, and position data collected from the robotic system and the video
footage data of the drilling process captured using a high-speed camera were used to
experimentally investigate the various stages of execution of the micro-drill plan, providing insights into crucial factors like drill-bit deformation and position/orientation shifts
that impacted drilling performance. A regression analysis revealed a relationship between feed rate and reaction forces involved in the micro-drilling process that matched
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the underlying mathematical model of the tool-specimen interactions.
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CHAPTER 4

HUMAN-ROBOT COLLABORATION IN MICRO
DRILLING

4.1 INTRODUCTION
This chapter is focused on addressing the destabilizing effects in robotic micro-drilling
mainly owing to the low-stiffness property of the collaborative robot’s cantilever structure. During the drilling process, factors like the drill-bit making a surface contact at a
non-zero spindle speed, drill vibration, and task surface irregularities, lead to undesired
transients in the involved interaction forces and torques between the drill-bit and the
surface, inducing instability and misdirection and wandering of the drill-bit before it
starts penetrating into the surface. This results in potential damage of the work-piece
surface surrounding the hole. In conventional drilling, any unstable vibrations are usually dampened by the heavy mechanical structure of the drilling equipment. However,
these instability issues are more prominent in robotic micro-drilling due to the cantilever
effects caused by attaching the drill motor to the end-effector of an articulated manipulator configuration. Further, it can be noted that these cantilever effects become more
pronounced when drilling is performed at postures farther away from the base of the
robot manipulator.
In this chapter, a semi-robotic method that combines force-controlled adaptive drill
feed rate and human-assisted impedance enhancement strategy is used to address the
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problem of drilling destabilization described above. Different materials afford different
drill feed rates for optimal performance. To support the non-repetitive nature of the
drilling task where the workpiece material may change from one task instance to the
next, the drill feed rate is automatically adapted such that the reaction force sensed by
the robot matches a threshold force setting, which is set as a function of the maximum
axial-load capacity of the micro-drill. This ensures that the feed-rate and the interaction
force gradually build up from zero, resulting in a better interaction between the drill bit
and the surface.

4.2 PROBLEM FORMULATION

4.2.1 ROBOTIC MICRO-DRILL SYSTEM
The Sawyer robot with the first end-effector prototype with micro-drills of 1 mm
diameter were used for all the experiments in this chapter.
4.2.2 ROBOT WITH LOW STRUCTURAL MECHANICAL IMPEDANCE
The frictional forces acting on the drill tool tip when it makes contact with the drill
specimen causes a destabilizing effect mainly owing to the low stiffness of the robot’s
cantilever structure, which is formulated in the following way.
Previous research has proven that the displacement of a robot compliance model for
drilling can be simplified as

∆=C ·F

(14)
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In x, y, and z directions, they are

∆x = cxx fx + cxy fy + cxz fz

(15)

∆y = cyx fx + cyy fy + cyz fz

(16)

∆z = czx fx + czy fy + czz fz

(17)

fx = 0

(18)

fy = 0

(19)

fz = fd

(20)

For the drilling operation:

The displacements of the robot end effector are:

∆x = cxz fd

(21)

∆y = cyz fd

(22)

∆z = czz fd

(23)

The displacements in the x and y directions are the undesired displacement at the
end effector of the drill bit as seen in Fig. 27. Supposing that the hole is intended
to be drilled in the initial position O1, see Fig. 27(a). At the moment of contact
between workpiece and dill, thrust force is induced. Under thrust force, a displacement
of ∆ = (∆x, ∆y) will be induced on the drill tool center point (TCP). The actual drilled
hole center is O2.
Photron Fastcam Nova S6 caught the shift in our drilling jobs (see Fig. 28). With
the same coordinate reference lines, the middle picture shows the drill bit right after the
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Figure 27. Analysis of drilling procedure

touchdown, while the bottom picture shows the drill bit during the drilling. They show
a very small, but noticeable displacement to the right comparing the top picture where
the drill bit is just of before touchdown. The small displacement could generate bending
on the drill bit, which can be seen from the middle picture of Fig. 28. It is at a moment
right after touchdown when the drill bit starts drilling into the specimen.
The thrust force disappears when the drill cuts throughout the workpiece’s exit
surface, and spring back happens on the robot. By this time, the side edge of the drill
begins to cut the materials in the shaded area, see Fig. 27(a).
Photron Fastcam Nova S6 caught the drill bit spring back in our drilling job as well
(see Fig. 29). With the same coordinate reference lines, the middle picture of the drill
bit retracting after the penetration but before moving out of the specimen already shows
the small displacement to the left compared to the top picture, in which the drill bit is
right before retracting. The bottom picture of Fig. 29 is at the moment of the drill bit
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Figure 28. Drill shift to the right after touchdown
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getting out of the specimen. It can be seen that the spring back of the drill bit to the
left is very pronounced.
Due to the cutting force caused by the side edge of the drill, the shape of the final
hole is a figure-8 like oval hole see (Fig. 27(b) ) with L1 > L2. The secondary processing
of the hole wall by the side edge of the drill could be defined as the additional cutting
effect, which caused by weak robot stiffness characteristic. Due to the additional cutting
effect, hole accuracy, and quality could not be guaranteed.
During drilling, the theoretical cutting path of the is a straight line. According to
the analysis above, drill machining trajectory is changed by thrust force due to the weak
stiffness characteristic of the robot. The additional cutting effect is the main reason that
leads to hole defects. An enhanced force or impedance is desired to stabilize the drilling
tool: i.e. a lower C, or a higher K is desired.
The weak stiffness of the robot is the main problem that limits its application in the
precision manufacturing industry [35]. Through theoretical research and experiments, it
is proved that the stiffness of the standard industry robot is less than 1 N/um, only one
fiftieth of the stiffness of a standard CNC machine [36] [37] [38]. Weak stiffness of robots
can significantly reduce the accuracy of the robot’s machining trajectory and machining
surface quality [39]. This calls for the CNC in drilling application due to its high stiffness
and better accuracy. However, CNC drilling machines have notable limitations. They
are not suitable for non-repetitive tasks, are very limited in orientation (mostly only
from top), and need vast working space. These limitations contradict our general task
interest, which are tasks of non-repetitive drilling tasks and micro-drilling tasks, mostly
in narrow spaces.
4.2.3 DRILLING REGIMES
Four drilling regimes are defined:
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Figure 29. Drill spring back to the left during retract
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1. Fixed feed rate drilling without human-assist
2. Adaptive feed rate drilling without human-assist
3. Fixed feed rate drilling with human-assist
4. Adaptive feed rate drilling with human-assist

4.2.4 DEFINE METRIC FOR HOLE QUALITY
Typically, the quality of microholes is evaluated using features like displacement of
the hole center, surface roughness of the drilled wall, roundness of the drilled hole, and
over-size of the hole diameter [98]. However, another important feature that can be
used to assess micro-drilling performance is the damage of the workpiece surface in the
vicinity of the drilled hole [12].
This problem becomes more pronounced when an array of microholes is desired
in applications like composite repairs [3] and the manufacture of ink-jet printers and
micropump modules in vehicle power systems [98]. Since this dissertation is motivated
by the application of drilling of microhole arrays for composite repairs, we will mainly
assess hole quality using the workpiece damage attribute.
4.2.5 SPECIFIC AIMS
• Specific Aim 1: Develop the baseline fixed feed rate drill strategy and experimentally evaluate its performance using the hole quality metric.
• Specific Aim 2: Develop the human-assist based impedance-enhancement approach, and compare its combination with the fixed feed rate drill strategy against
the purely fixed feed rate strategy.

68
• Specific Aim 3: Develop the adaptive feedrate drill strategy and compare it against
the baseline.
• Specific Aim 4: Compare the combination of human impedance enhancement
and adaptive feedrate strategy against the purely adaptive feed rate strategy.

4.3 METHODS

4.3.1 FIXED FEED RATE
Primary drill task parameters include spindle speed and feed-rate of the drill-bit.
Both these parameters influence the interaction torques and forces generated between
the drill-bit and the workpiece. We keep the spindle-speed fixed at 15,000 rpm. We
applied a robotic feed-rate fixed at 50 mm/s.
4.3.2 ADAPTIVE FEED RATE
Primary drill task parameters include spindle speed and feed-rate of the drill-bit.
Both these parameters influence the interaction torques and forces generated between
the drill-bit and the workpiece. We keep the spindle-speed fixed and present a robotic
adaptive feed-rate approach to address the challenge of hole-breakage of micro-drills and
achieve good microhole quality.
First, before the drilling starts, the tip of the drill bit is lowered and positioned
around 1 mm vertically above the drill location on the workpiece surface. A target
depth is set at a value, a little more than the desired hole depth. Kinematic parameters
of feed acceleration (100 mm/s2 ) and maximum feed rate (50 mm/s) enable the drill-bit
to accelerate and move toward the destination depth. However, as the drill-bit contacts
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and starts penetrating the workpiece surface, the drill feed rate is automatically adapted
such that the reaction force sensed by the robot matches a threshold force setting (3
N), which is set as a function of the maximum axial-load capacity of the micro-drill.
This ensures that the feed-rate and the interaction force gradually build up from zero
resulting in a better interaction between the drill bit and the surface.
4.3.3 HUMAN IMPEDANCE ENHANCEMENT
These drilling instability issues are addressed by having a human collaborate with the
robot by physically holding the robot’s end-effector and providing the complementary
stabilizing support to the robot during the drilling process. This approach is inspired
by the capability of humans to stabilize unstable dynamics while performing contactbased tasks (e.g., tightening a screw using a screw driver, manually drilling like in
Fig. 30, carpentering, etc) through using selective control of arm mechanical impedance
[25]. Human arm impedance adaptation is one of the approaches being explored in
recent research explorations in the field of physical human-robot collaboration [99]. This
skillful impedance adaption strategy of the human can be leveraged for enhancing drilling
performance improvement. In particular, the contribution provided by the human in
stabilizing the drilling task can be attributed to human muscle’s spring-like property,
which enables the human arm to tense its muscle and adjust its impedance, which thereby
generates a resistant force or torque to overcome the possible drilling destabilization. The
drilled hole quality is shown to be enhanced when using this human-robot collaborative
strategy during drilling.
We can assume the combination of all the undesired transient force in x and y
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Figure 30. Human impedance enhancement
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directions as Fx and Fy ; we have equations:

Fx = kx ∆x

(24)

Fy = ky ∆y

(25)

With holding force Hx , Hy from the human hand, the robot end effector undergoes
a decreased displacement ϵ ∆ (where 0 < ϵ < 1) , then we have equations

(Fx − Hx ) = kx (ϵx ∆x )

(26)

(Fy − Hy ) = ky (ϵy ∆y )

(27)

Fx = kx (ϵx ∆x ) + Hx

(28)

Fy = ky (ϵy ∆y ) + Hy

(29)

Re-write to get equations

To equate the right-hand side of equation 24 with equation 28, and equation 25 with
equation 29, we have equations

kx ∆x = kx (ϵx ∆x ) + Hx

(30)

kx ∆x = ky (ϵy ∆y ) + Hy

(31)

Hx = kx (1 − ϵx )∆x

(32)

Hy = ky (1 − ϵy )∆y

(33)

Re-write to get equations
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Re-write to get equations
Hx
= kx (1 − ϵx )
∆x
Hy
= ky (1 − ϵy )
∆y

(34)
(35)

We define the works done by the external force in x and y directions as Wx and Wy ;
they are shown in get equations
1
kx (ϵx ∆x )2 + Hx (ϵx ∆x )
2
1
=
ky (ϵy ∆y )2 + Hy (ϵy ∆y )
2

Wx =

(36)

Wy

(37)

Where kx , ky are the robot original system stiffness, after re-write, we get equations
1 2 2
kx ϵ ∆ + ϵx Hx ∆x
2 x x
1 2 2
ky ϵ ∆ + ϵy Hy ∆y
=
2 y y

Wx =

(38)

Wy

(39)

For the works, they can be written in terms of the equivalent robot stiffness k x and
k y , as shown in equations
1 2 2
kxϵ ∆
2 x x
1 2 2
=
ky ϵ ∆
2 y y

Wx =

(40)

Wy

(41)

To equate the right-hand side of equation 38 with equation 40, and equation 39 with
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equation 41, we have equations 19, 20
1 2 2
1 2 2
kx ϵ ∆ + ϵx Hx ∆x
k x ϵx ∆x =
2
2 x x
1 2 2
1 2 2
ky ϵ ∆ + ϵy Hy ∆y
k y ϵy ∆y =
2
2 y y

(42)
(43)

To divide both sides of the equations by 21 ϵ2x ∆2x (or 12 ϵ2y ∆2y ), we get equations
2 Hx
ϵx ∆x
2 Hy
= ky +
ϵy ∆y

k x = kx +

(44)

ky

(45)

Plug equations into the right side of 34, 35 to replace

Hx
∆x

and

Hy
∆y

, we have

2
kx (1 − ϵx )
ϵx
2
= ky + ky (1 − ϵy )
ϵy

k x = kx +

(46)

ky

(47)

We can define the equivalent robot stiffness as the combination of robot original
system stiffness and a stiffness increment ∆kx (or ∆ky ), see equations

k x = kx + ∆kx

(48)

k y = ky + ∆ky

(49)

We can have the stiffness increments as
2
− 2)kx
ϵx
2
= ( − 2)ky
ϵy

∆kx = (

(50)

∆ky

(51)

We introduce ρ, the effect (or percentage) of robot stiffness increment with respect
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to the original robot stiffness as shown in equations
∆kx
kx
∆ky
=
ky

ρx =

(52)

ρy

(53)

We introduce τ , the effect (or percentage) of robot original stiffness with respect to
the equivalent robot stiffness after H, as shown in equations
kx
kx
ky
=
ky

τx =

(54)

τy

(55)

From equations 50 and 51, equations 52 and 53 can be re-written as:
2
−2
ϵx
2
=
−2
ϵy

ρx =

(56)

ρy

(57)

From equations 46 and 47, equations 54 and 55 can be re-written as:
ϵx
2 − ϵx
ϵy
=
2 − ϵy

τx =

(58)

τy

(59)

For example, after Hx , the displacement decreased to the

1
4

of the original, i.e. 14 ∆x
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(where ϵx = 41 ), then we can have the following results:
3
3
Hx = kx (1 − ϵx )∆x = kx ∆x = Fx
4
4
2
k x = kx + kx (1 − ϵx ) = kx + 6kx = 7kx
ϵx
2
ρx =
−2=6
ϵx
ϵx
1
τx =
=
2 − ϵx
7

(60)
(61)
(62)
(63)

4.3.4 MICRO-DRILLING APPROACH
When an array of micro holes is desired, the micro holes are drilled in a sequence,
whereby the drill-bit hovers over each hole coordinate, a drill-feed is provided directly
until the hole of desired depth is drilled, the drill-bit is retracted and moved to hover
over the location of the next adjacent micro hole to be drilled.
Experiments were performed with drills ranging from 0.6 to 1.5 mm and the smallest
drill-bit size without breakage was 0.6 mm. Material specimens for drilling tests included
wood, 3D-printed plastic, Hexcel IM7 8552 unidirectional carbon fiber, and bones.
4.3.5 DRILLING EVALUATION TECHNIQUE
A Dino-Lite digital microscope AM73115MTF was used to measure hole diameter
and analyze drill quality. It comes with a calibration panel and magnification rate up
to 70x, which provides better quality of measurements of micro profiles. The digital
microscope comes with a image processing application software that provides features
to accurately measure hole diameters (see Fig. 31).
The surface damage is quantified by counting the number of pixels in the image
that correspond to the damaged area surrounding the drilled hole. This is achieved
by drawing a boundary-contour encompassing the damage, transforming the original
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Figure 31. Hole diameter measurement

image into a binary image (black pixels corresponding to the damage region and white
pixels corresponding to the remainder region of the image) and computing its intensity
histogram as shown in Figure 32. The percentage of the black pixels in the image is
used to quantify the surface damage.

4.4 RESULTS

4.4.1 PERFORMANCE COMPARISON
Our approach to robotic micro-drilling consists of first developing a drilling method,
and by setting its corresponding operating task parameters, to achieve a baseline drilling
performance by using only the robot at a fixed feedrate. Next, we show that drilling performance can be enhanced by incorporating adaptive feedrate into the method. Next, we
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Figure 32. Procedure to obtain intensity histogram of surface damage
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Figure 33. Illustration of micro-drilling performance by analyzing surface damage in
the hole vicinity in four experimental regimes

show that drilling performance can be enhanced by incorporating human collaboration
into the method. Last, we show that drilling performance can be enhanced by incorporating both human collaboration and adaptive feedrate into the method. We present
four experimental regimes to illustrate our approach.
In the baseline experimental regime, the holes are drilled with the robot only. The
drill-bit size was of 1.0 mm diameter with a Dremel 200 drill at a speed of 15,000 rpm.
The drilling tasks are 3D printed specimens with material of Vero white.
The adaptive feedrate drilling regime is compared with a baseline strategy where all
the kinematic parameters are identical, except the force-control feature is absent.
In the human collaboration experimental regime, the human offered physical support
by holding the upper portion of the robot end-effector as shown in Figure 6b). The drill
bit diameter was 1.0 mm with the spindle speed set at 15,000 rpm. Human support is
incorporated into both the baseline and adaptive feed rate drilling strategies.
4.4.2 RESULTS FROM ALL FOUR REGIMES
The results for four drilling strategies are presented in Fig. 33. It can be seen that the
drilling performance is better by using the force-controlled adaptive feed rate strategy
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when compared to that of the baseline strategy.
It also can be seen that the surface damage from using the fixed feed rate is obviously
higher than the ones from adaptive feed rate. The table data in Table 5 and the bar
graph in Figure 34 quantifies the hole quality difference.

Trial

1
2
3
4
5
6
7
8
9
10

Baseline
without
human support
0.158
0.237
0.180
0.116
0.122
0.129
0.250
0.088
0.108
0.113

Baseline
with
human support
0.119
0.105
0.094
0.138
0.108
0.112
0.106
0.156
0.128
0.183

Adaptive feedrate
without
human support
0.094
0.098
0.087
0.079
0.098
0.110
0.101
0.072
0.117
0.088

Adaptive feedrate
with
human support
0.008
0.008
0.009
0.004
0.006
0.009
0.005
0.006
0.007
0.010

Table 5. The percentage of the black pixels used to represent surface damage across
ten trials for all the four experimental regimes

To verify the significance of human assistance during drilling, we compare the performance of the results using the human-robot collaborative strategy with that of the
robot-only strategy that was presented in the previous section.
From Fig. 33, it can be seen that the hole surface damage corresponding to the
baseline strategy without human help is the largest, while the hole surface damage
corresponding to the adaptive feed rate with human help is the smallest. This implies
that force-controlled adaptive feed rate with human support outperforms the other three
strategies. Another important observation is that human support enhances drilling
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Figure 34. Comparison of surface damage across four experimental regimes - Mean
with standard error of the percentage of black pixels corresponding to damaged area

performance in both the cases. We can conclude from these experiments that forcecontrolled adaptive feed rate and human assisted drilling are two positive factors that
contribute toward better hole quality.

4.5 CONCLUSIONS
This chapter addressed the destabilization in robotic micro-drilling caused by the low
impedance of the collaborative robot’s cantilever structure using a human-robot collaboration method that combined force-controlled adaptive drill feed rate and human-assisted
impedance enhancement. A theoretical modeling of the effects of the low-stiffness robot’s
mechanical structure on the drilling process was developed and verified from high-speed
camera observations of the physical micro-drilling experiments conducted using the
Sawyer collaborative robot. Four experimental regimes were developed to validate the
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methods developed in this chapter. Experimental results evaluating the drilled hole quality using a surface damage metric revealed that human-assisted impedance enhancement
component and adaptive feedrate have a positive impact on drilling performance.
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CHAPTER 5

APPLICATIONS

5.1 INTRODUCTION
This chapter is focused on demonstrating the potential of the robotic micro-drilling
techniques developed in this dissertation in three application domains: (1) Composite
repairs, (2) Microchannels, and (3) Bone drilling in medical surgery. All three drilling
tasks involve non-repetitive aspects (e.g., varying drill position and orientation coordinates from one task instance to the next), which are addressed using kinesthetic guidance
by a human. Moreover, the first two tasks involve drilling a matrix of holes on each specimen. Therefore, the robotic micro-drilling system is equipped with these capabilities as
described below.
5.1.1 KINESTHETIC GUIDANCE TO DRILL COORDINATES
Before the drilling task begins, the robot needs to know the position and orientation
coordinates of all the holes to be drilled and a collision-free path to these locations. It
becomes impractical to manually program this information into the robot while dealing
with non-repetitive drilling tasks where the drill locations and obstacle environment
change from one task instance to the next. This issue is addressed by using kinesthetic
teaching. A human kinesthetically teaches the robot a set of target drill coordinates,
along with a collision-free path to these locations, by physically holding the robot and
guiding it to those locations.
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It could take several hours to program a robot for path and drill coordinate planning,
especially if holes are located in complex postures. However, kinesthetic teaching saves
time significantly by cutting off the programming step, while not sacrificing the location
accuracy. The Sawyer robot’s feature of ‘Learn by Demonstration’ mode supports this
approach and allows the robot to remember both the trajectory and the destined coordinates taught by the human. For the workpieces at the same location and orientation,
Sawyer moves to the coordinate via the recorded path each time, and then performs
the drilling. When a matrix of holes is required, kinesthetic guidance is provided to
the hover location above the corner hole where the drilling process is initiated. When
a next task instance calls for new locations and orientations, the human kinesthetic
teaching has to be updated accordingly. With kinesthetic teaching and a relatively light
end-effector, the robot can move and perform in tight places, which are challenging to
program manually, and accomplish drilling with good consistency.
5.1.2 DRILL PLAN SYNTHESIS FOR A MATRIX OF MICRO-HOLES
When an array of micro holes is desired, the holes are drilled in a sequence, whereby
the drill-bit hovers over each hole coordinate, a drill-feed is provided directly until the
hole of desired depth is drilled, the drill-bit is retracted and moved to hover over the
location of the next adjacent micro hole to be drilled.
Experiments were performed to drill 16 holes in a single trial on a plexiglass specimen
with a thickness of t = 3 mm. The 16 holes are laid out as a 4 x 4 matrix, with four
rows along the x direction and four columns along the y direction. The drilling order is
to complete the first row along the x axis, then complete the second, and so on. Like in
the single hole drilling experiment, the drill-bit size was of ϕ = 0.6 mm diameter with a
Dremel 200 drill at a drilling speed of ω = 15,000 rpm. We set up the feed rate of the
drill bit at vf = 20 mm/s, and acceleration at af = 300 mm/s2 . The drill-bit hovers over
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Figure 35. Drill trajectory x-y-z

Figure 36. Z-position vs Time

85

Figure 37. Velocity vs Time

Figure 38. Force vs Time
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Figure 39. Velocity vs Z-position

Figure 40. Force vs Z-position
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a height of zh = 368 mm, and the drill-bit is retracted at a height of zr = 314 mm. Figure
35 shows the drilling trajectory in a 3D view. We can see the 4 x 4 distribution at both
hover and retract locations. Figure 36 is the endpoint location in the z direction versus
time. We can see the consistency during the drilling of all 16 micro holes. Figures 37
and 38 show the sensed feed rate and reaction force for the entire duration of the drilling
task as a function of time. The force graph shows some fluctuation at the reaction
force peaks of each hole between approximately 9−11 N. Figures 39 and 40 show similar
graphs as a function of z position.

5.2 COMPOSITE REPAIRS

Figure 41. Images of drilled holes on composite material (taken by digital microscope)

Drilling of microhole arrays is required for composite repairs achieved by using the
through-thickness reinforcement (TTR) technique, which consists of drilling an array of
microholes in the damaged area of the composite structure and inserting carbon fiber
rods with low-viscosity epoxy into these drilled holes [3]. The proposed robotic drilling
was used to drill holes of 0.5 mm diameter in the damaged area of the composite sample
(Hexcel IM7 8552 unidirectional carbon fiber) to implement the TTR technique presented in [3]. Figure 41 shows examples of microholes drilled on the composite sample.
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Figure 42. Schematic of the microchannel test section (Top cover not Shown)

5.3 MICROCHANNELS
Microchannels are channels with a hydraulic diameter below 1 mm [100]. They are
used in fluid control and heat transfer. Microchannels find applications in the pharmaceutical and biochemical industries due to short diffusion distances, higher interfacial
area, and higher heat/mass transfer rates [101].

The test sections used to study the fundamentals of fluid flow in microchannels are
usually made of plexiglass that allow optical access for flow visualization [102]. The
micro-holes drilled in the plexiglass that act as microchannels (see Figure 42) have
diameters ranging from 0.244 mm to 0.974 mm. Drilling of these micro-holes is within
the range and capability of the robotic micro-drilling system described in chapter 3.

5.4 BONE DRILLING
Bone drilling is an essential part of various orthopedic surgeries, including internal
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Figure 43. Drilling in Plexiglass with KUKA

fixation and for attaching prosthetics. A critical aspect in bone drilling is the estimation
and control of drilling force to prevent drill-bit breakthrough, excessive heat generation,
and mechanical damage to the bone. Also, there is a need to drill very precise holes to
prevent damage to bone tissues requiring control over feed rate of the drill. Drilling with
different sizes of drill-bits were carried out on a beef bone. Experiment results indicated
that the smallest drill-bit diameter without breakage was 0.75 mm, with less than ±0.1
mm tolerance between the actual drill-bit size and drilled holes. The setup and drilled
holes are shown in Fig. 44.
5.5 HUMAN-ROBOT COLLABORATIVE KINESTHETIC
DRILLING
In a purely robotic mode, we noticed that the drill feed rate had to be kept extremely
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Figure 44. Robot Drilling on beef bone a drilling setup, b setup closeup view, c images
of holes taken by digital microscope

low (200 µm/sec) for microdrills in the range of 0.2 to 0.4 mm. However, this is a
conservative setting, and there may exist a higher feed rate theoretically that is optimal
and successfully achieves the drilling task faster. This motivated exploring the humanrobot collaborative kinesthetic drilling strategy by exploiting the selective compliance
mode of the KUKA robot. In particular, the complementary capabilities of the human
and the robot are leveraged to achieve enhanced efficiency in the micro-drilling task.
This is achieved in the following way. The selective compliance mode of the KUKA
robot is set to be compliant or back-drivable (low-impedance) in the drill-tool direction,
while being highly stiff in the lateral direction (or in the plane orthogonal to the drilling
direction). This allows efficient kinesthetic drilling by taking the static load (due to
the drill weight and the torque needed for drill orientation stability) off the human; the
human only needs to apply a force in the drill-tool direction, which translates into a
feedrate as a function of the admittance setting of the robot. Figure 45(a) shows the
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Figure 45. Kinesthetic Drilling with KUKA

testing of the selective compliance of the KUKA robot in the vertical direction. Figures
45(a), b, and (c) demonstrate the human-robot collaborative kinesthetic drilling in the
vertical, horizontal, and oblique orientations, respectively. Plexiglass, composite (carbon
fiber epoxy), and PCB materials were used in these micro-drilling experiments. Figure
45 shows the potential of kinesthetic drilling for a dental application.
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Figure 46. Dental Drilling
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

6.1 CONCLUSIONS
Mechanical micro-drilling finds widespread use in diverse applications ranging from
composite repairs, to microchannels, and medical surgery. This dissertation developed
techniques toward designing collaborative robot manipulator systems for performing
non-repetitive micro-drilling tasks, involving drilling of micro-holes of diameters ranging
from 0.2 mm to 1 mm. Micro-drills suffer from frequent breakage caused by even the
slightest variation in process parameters. After a thorough analysis and assessment of the
complexities of the micro-drilling process that make the associated robot programming
task highly difficult, an experimental trials approach was adopted to identify the feasible
parameter space.
To meet these dissertation objectives, a systematic experimental characterization of
tool-specimen interactions underlying the robotic micro-drilling process was developed
and presented in chapter 3. The Sawyer and KUKA collaborative robots that meet the
sensitive feed rate requirements of the micro-drilling tasks were chosen for the study.
The force, velocity, and position data collected from the robotic system and the video
footage data of the drilling process captured using a high-speed camera were used to
experimentally investigate the various stages of execution of the micro-drill plan, providing insights into crucial factors like drill-bit deformation and position/orientation shifts
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that impacted drilling performance. A regression analysis revealed a relationship between feed rate and reaction forces involved in the micro-drilling process that matched
the underlying mathematical model of the tool-specimen interactions. This dissertation also provided an experimental procedure to determine the minimum diameter of
the micro-hole that can be drilled by the two collaborative robots. In Plexiglass material, the Sawyer and KUKA robots were able to drill micro-holes of diameters up to a
minimum of 0.6 mm and 0.2 mm diameters, respectively.
As an important next step, this dissertation addressed the problem of destabilization in robotic micro-drilling caused by the low impedance of the collaborative robot’s
cantilever structure in chapter 4. The approach involved a human-robot collaboration method that combined force-controlled adaptive drill feed rate and human-assisted
impedance enhancement. A theoretical modeling of the effects of the low-stiffness robot’s
mechanical structure on the drilling process was developed and verified from high-speed
camera observations of the physical micro-drilling experiments conducted using the
Sawyer collaborative robot. Four experimental regimes were developed to validate the
methods developed in this chapter. Experimental results evaluating the drilled hole quality using a surface damage metric revealed that human-assisted impedance enhancement
component and adaptive feedrate have a positive impact on drilling performance.
Finally, chapter 5 presented results from experiments that were conducted to validate the robotic micro-drilling techniques developed in this dissertation in potential
targeted applications including composite repair (using the through-thickness reinforcement (TTR) technique), micro-channels, and bone drilling.

6.2 FUTURE WORK
Future work involves performing further characterization studies to extract patterns
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in the underlying process parameter relationships that are common across different
types of materials. Further exploration of the human-assisted impedance enhancement
strategy includes a more formal characterization of the drilling stabilization caused by
the human-offered impedance and validation tests on more materials. The work carried out in this dissertation can lead to other research directions on the topic including impedance control strategies to enhance micro-drilling performance, human-guided
kinesthetic drilling for highly non-repetitive applications, and learning of micro-drilling
task parameters from human demonstrations.
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[44] F. Ferraguti, C. Talignani Landi, L. Sabattini, M. Bonfè, C. Fantuzzi, and C. Secchi, “A variable admittance control strategy for stable physical human–robot interaction,” The International Journal of Robotics Research, vol. 38, no. 6, pp.
747–765, 2019.
[45] E. Magrini, F. Flacco, and A. De Luca, “Control of generalized contact motion and
force in physical human-robot interaction,” in 2015 IEEE international conference
on robotics and automation (ICRA). IEEE, 2015, pp. 2298–2304.

102
[46] E. Mariotti, E. Magrini, and A. De Luca, “Admittance control for human-robot
interaction using an industrial robot equipped with a f/t sensor,” in 2019 International Conference on Robotics and Automation (ICRA).

IEEE, 2019, pp.

6130–6136.
[47] T. Kim, S. Yoo, H. S. Kim, and J. Kim, “Design and force-tracking impedance
control of a 2-dof wall-cleaning manipulator using disturbance observer and sliding
mode control,” in 2018 IEEE International Conference on Robotics and Automation (ICRA). IEEE, 2018, pp. 4079–4084.
[48] S. Jung, “Admittance force tracking control for position-controlled robot manipulators under unknown environment,” in 2020 20th International Conference on
Control, Automation and Systems (ICCAS). IEEE, 2020, pp. 219–224.
[49] J. Duan, Y. Gan, M. Chen, and X. Dai, “Adaptive variable impedance control
for dynamic contact force tracking in uncertain environment,” Robotics and Autonomous Systems, vol. 102, pp. 54–65, 2018.
[50] C. Yang, G. Ganesh, S. Haddadin, S. Parusel, A. Albu-Schaeffer, and E. Burdet,
“Human-like adaptation of force and impedance in stable and unstable interactions,” IEEE transactions on robotics, vol. 27, no. 5, pp. 918–930, 2011.
[51] A. Ajoudani, M. Gabiccini, N. G. Tsagarakis, and A. Bicchi, “Human-like
impedance and minimum effort control for natural and efficient manipulation,”
in 2013 IEEE International Conference on Robotics and Automation.

IEEE,

2013, pp. 4499–4505.
[52] Y. Li and S. S. Ge, “Impedance learning for robots interacting with unknown
environments,” IEEE Transactions on Control Systems Technology, vol. 22, no. 4,
pp. 1422–1432, 2013.

103
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APPENDIX A

SUPPLEMENTARY MATERIALS

A.1 CODE SAMPLE: ROS PYTHON CODE FOR DRILLING
MATRIX HOLES
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A.2 CODE SAMPLE: MATLAB CODE FOR HOLE
CHARACTERIZATION STUDY
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clear all; clc; close all;
bag = rosbag('D:\Michael Wang\My Research\Matlab data Analysis\Singles\trial001.bag');
state_select = select(bag,'Topic','/robot/limb/right/endpoint_state' );
stateMsgs = readMessages(state_select);
bag2 = rosbag('D:\Michael Wang\My Research\Matlab data Analysis\Singles\trial002.bag');
state_select2 = select(bag2,'Topic','/robot/limb/right/endpoint_state' );
stateMsgs2 = readMessages(state_select2);
bag3 = rosbag('D:\Michael Wang\My Research\Matlab data Analysis\Singles\trial003.bag');
state_select3 = select(bag3,'Topic','/robot/limb/right/endpoint_state' );
stateMsgs3 = readMessages(state_select3);
bag4 = rosbag('D:\Michael Wang\My Research\Matlab data Analysis\Singles\trial004.bag');
state_select4 = select(bag4,'Topic','/robot/limb/right/endpoint_state' );
stateMsgs4 = readMessages(state_select4);
bag5 = rosbag('D:\Michael Wang\My Research\Matlab data Analysis\Singles\trial005.bag');
state_select5 = select(bag5,'Topic','/robot/limb/right/endpoint_state' );
stateMsgs5 = readMessages(state_select5);

steps = 580;

Robot_states = zeros(steps,5);
R_time = zeros(steps,1);
R_ind = zeros(steps,1);
ti = zeros(steps,1);
start_time = stateMsgs{1,1}.Header.Seq;
tfirst = stateMsgs{1,1}.Header.Stamp.Sec + (stateMsgs{1,1}.Header.Stamp.Nsec)*10^(-9);
for i = 1: steps
R_time(i,1) = (stateMsgs{i,1}.Header.Seq - start_time)/100;
R_ind(i,1) = i/100;
ti(i,1) = stateMsgs{i,1}.Header.Stamp.Sec + (stateMsgs{i,1}.Header.Stamp.Nsec)*10^(-9)tfirst;
Robot_states(i,1)=stateMsgs{i,1}.Pose.Position.X;
Robot_states(i,2)=stateMsgs{i,1}.Pose.Position.Y;
Robot_states(i,3)=stateMsgs{i,1}.Pose.Position.Z; %linear position in Z
Robot_states(i,4)=stateMsgs{i,1}.Twist.Linear.Z; %linear speed in Z
Robot_states(i,5)=(stateMsgs{i,1}.Wrench.Force.Z)+11; %Force in Z
end
windowSize = 10;
b = (1/windowSize)*ones(1,windowSize);
a = 1;
zz = filter(b,a,Robot_states(:,3)); %filtered position
vv = filter(b,a,Robot_states(:,4)); %filtered velocity
ff = filter(b,a,Robot_states(:,5)); %filtered force

Robot_states2 = zeros(steps,5);
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R_time2 = zeros(steps,1);
R_ind2 = zeros(steps,1);
ti2 = zeros(steps,1);
start_time2 = stateMsgs2{1,1}.Header.Seq;
tfirst2 = stateMsgs2{1,1}.Header.Stamp.Sec + (stateMsgs2{1,1}.Header.Stamp.Nsec)*10^(-9);
for i = 1: steps
R_time2(i,1) = (stateMsgs2{i,1}.Header.Seq - start_time2)/100;
R_ind2(i,1) = i/100;
ti2(i,1) = stateMsgs2{i,1}.Header.Stamp.Sec + (stateMsgs2{i,1}.Header.Stamp.Nsec)*10^(-9)
-tfirst;
Robot_states2(i,1)=stateMsgs2{i,1}.Pose.Position.X;
Robot_states2(i,2)=stateMsgs2{i,1}.Pose.Position.Y;
Robot_states2(i,3)=stateMsgs2{i,1}.Pose.Position.Z; %linear position in Z
Robot_states2(i,4)=stateMsgs2{i,1}.Twist.Linear.Z; %linear speed in Z
Robot_states2(i,5)=(stateMsgs2{i,1}.Wrench.Force.Z)+11; %Force in Z
end
windowSize = 10;
b = (1/windowSize)*ones(1,windowSize);
a = 1;
zz2 = filter(b,a,Robot_states2(:,3)); %filtered position
vv2 = filter(b,a,Robot_states2(:,4)); %filtered velocity
ff2 = filter(b,a,Robot_states2(:,5)); %filtered force

Robot_states3 = zeros(steps,5);
R_time3 = zeros(steps,1);
R_ind3 = zeros(steps,1);
ti3 = zeros(steps,1);
start_time3 = stateMsgs3{1,1}.Header.Seq;
tfirst3 = stateMsgs3{1,1}.Header.Stamp.Sec + (stateMsgs3{1,1}.Header.Stamp.Nsec)*10^(-9);
for i = 1: steps
R_time3(i,1) = (stateMsgs3{i,1}.Header.Seq - start_time3)/100;
R_ind3(i,1) = i/100;
ti3(i,1) = stateMsgs3{i,1}.Header.Stamp.Sec + (stateMsgs3{i,1}.Header.Stamp.Nsec)*10^(-9)
-tfirst;
Robot_states3(i,1)=stateMsgs3{i,1}.Pose.Position.X;
Robot_states3(i,2)=stateMsgs3{i,1}.Pose.Position.Y;
Robot_states3(i,3)=stateMsgs3{i,1}.Pose.Position.Z; %linear position in Z
Robot_states3(i,4)=stateMsgs3{i,1}.Twist.Linear.Z; %linear speed in Z
Robot_states3(i,5)=(stateMsgs3{i,1}.Wrench.Force.Z)+11; %Force in Z
end
windowSize = 10;
b = (1/windowSize)*ones(1,windowSize);
a = 1;
zz3 = filter(b,a,Robot_states3(:,3)); %filtered position
vv3 = filter(b,a,Robot_states3(:,4)); %filtered velocity
ff3 = filter(b,a,Robot_states3(:,5)); %filtered force
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Robot_states4 = zeros(steps,5);
R_time4 = zeros(steps,1);
R_ind4 = zeros(steps,1);
ti4 = zeros(steps,1);
start_time4 = stateMsgs4{1,1}.Header.Seq;
tfirst4 = stateMsgs4{1,1}.Header.Stamp.Sec + (stateMsgs4{1,1}.Header.Stamp.Nsec)*10^(-9);
for i = 1: steps
R_time4(i,1) = (stateMsgs4{i,1}.Header.Seq - start_time4)/100;
R_ind4(i,1) = i/100;
ti4(i,1) = stateMsgs4{i,1}.Header.Stamp.Sec + (stateMsgs4{i,1}.Header.Stamp.Nsec)*10^(-9)
-tfirst;
Robot_states4(i,1)=stateMsgs4{i,1}.Pose.Position.X;
Robot_states4(i,2)=stateMsgs4{i,1}.Pose.Position.Y;
Robot_states4(i,3)=stateMsgs4{i,1}.Pose.Position.Z; %linear position in Z
Robot_states4(i,4)=stateMsgs4{i,1}.Twist.Linear.Z; %linear speed in Z
Robot_states4(i,5)=(stateMsgs4{i,1}.Wrench.Force.Z)+11; %Force in Z
end
windowSize = 10;
b = (1/windowSize)*ones(1,windowSize);
a = 1;
zz4 = filter(b,a,Robot_states4(:,3)); %filtered position
vv4 = filter(b,a,Robot_states4(:,4)); %filtered velocity
ff4 = filter(b,a,Robot_states4(:,5)); %filtered force

Robot_states5 = zeros(steps,5);
R_time5 = zeros(steps,1);
R_ind5 = zeros(steps,1);
ti5 = zeros(steps,1);
start_time5 = stateMsgs5{1,1}.Header.Seq;
tfirst5 = stateMsgs5{1,1}.Header.Stamp.Sec + (stateMsgs5{1,1}.Header.Stamp.Nsec)*10^(-9);
for i = 1: steps
R_time5(i,1) = (stateMsgs5{i,1}.Header.Seq - start_time5)/100;
R_ind5(i,1) = i/100;
ti5(i,1) = stateMsgs5{i,1}.Header.Stamp.Sec + (stateMsgs5{i,1}.Header.Stamp.Nsec)*10^(-9)
-tfirst;
Robot_states5(i,1)=stateMsgs5{i,1}.Pose.Position.X;
Robot_states5(i,2)=stateMsgs5{i,1}.Pose.Position.Y;
Robot_states5(i,3)=stateMsgs5{i,1}.Pose.Position.Z; %linear position in Z
Robot_states5(i,4)=stateMsgs5{i,1}.Twist.Linear.Z; %linear speed in Z
Robot_states5(i,5)=(stateMsgs5{i,1}.Wrench.Force.Z)+11; %Force in Z
end
windowSize = 10;
b = (1/windowSize)*ones(1,windowSize);
a = 1;
zz5 = filter(b,a,Robot_states5(:,3)); %filtered position
vv5 = filter(b,a,Robot_states5(:,4)); %filtered velocity
ff5 = filter(b,a,Robot_states5(:,5)); %filtered force
Robot_states_a = zeros(steps,5);
%R_time_a = zeros(steps,1);
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%R_ind_a = zeros(steps,1);
%ti_a = zeros(steps,1);
%start_time = stateMsgs{1,1}.Header.Seq;
%tfirst = stateMsgs{1,1}.Header.Stamp.Sec + (stateMsgs{1,1}.Header.Stamp.Nsec)*10^(-9);
for i = 1: steps
%R_time(i,1) = (stateMsgs{i,1}.Header.Seq - start_time)/100;
%R_ind(i,1) = i/100;
%ti(i,1) = stateMsgs{i,1}.Header.Stamp.Sec + (stateMsgs{i,1}.Header.Stamp.Nsec)*10^(-9)tfirst;
Robot_states_a(i,1)=(Robot_states(i,1)+Robot_states2(i,1)+Robot_states3(i,1)
+Robot_states4(i,1)+Robot_states5(i,1))/5;
Robot_states_a(i,2)=(Robot_states(i,2)+Robot_states2(i,2)+Robot_states3(i,2)
+Robot_states4(i,2)+Robot_states5(i,2))/5;
Robot_states_a(i,3)=(Robot_states(i,3)+Robot_states2(i,3)+Robot_states3(i,3)
+Robot_states4(i,3)+Robot_states5(i,3))/5; %linear position in Z
Robot_states_a(i,4)=(Robot_states(i,4)+Robot_states2(i,4)+Robot_states3(i,4)
+Robot_states4(i,4)+Robot_states5(i,4))/5; %linear speed in Z
Robot_states_a(i,5)=(Robot_states(i,5)+Robot_states2(i,5)+Robot_states3(i,5)
+Robot_states4(i,5)+Robot_states5(i,5))/5; %Force in Z
end
windowSize = 10;
b = (1/windowSize)*ones(1,windowSize);
a = 1;
zz_a = filter(b,a,Robot_states_a(:,3)); %filtered position
vv_a = filter(b,a,Robot_states_a(:,4)); %filtered velocity
ff_a = filter(b,a,Robot_states_a(:,5)); %filtered force
close all
figure(8); % Force & Velocity
yyaxis left
plot(ti(:,1),vv);
xlabel('Time (s)')
ylabel('Velocity')
yyaxis right
plot(ti(:,1),ff);
ylabel('Force')
title("Velocity & Force vs time")
grid on
hold on % Force & Velocity
yyaxis left
plot(ti(:,1),vv2);
xlabel('Time (s)')
ylabel('Velocity')
yyaxis right
plot(ti(:,1),ff2);
ylabel('Force')
title("Velocity & Force vs time")
grid on
hold on % Force & Velocity
yyaxis left
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plot(ti(:,1),vv3);
xlabel('Time (s)')
ylabel('Velocity')
yyaxis right
plot(ti(:,1),ff3);
ylabel('Force')
title("Velocity & Force vs time")
grid on
hold on % Force & Velocity
yyaxis left
plot(ti(:,1),vv4);
xlabel('Time (s)')
ylabel('Velocity')
yyaxis right
plot(ti(:,1),ff4);
ylabel('Force')
title("Velocity & Force vs time")
grid on
hold on % Force & Velocity
yyaxis left
plot(ti(:,1),vv5,'-');
xlabel('Time (s)')
ylabel('Velocity')
yyaxis right
plot(ti(:,1),ff5,'-');
ylabel('Force')
title("Velocity & Force vs time (5 trials)")
grid on
hold off

figure(9); % Force & Velocity
yyaxis left
plot(ti(:,1),vv_a);
xlabel('Time (s)')
ylabel('Velocity')
yyaxis right
plot(ti(:,1),ff_a);
ylabel('Force')
title("Velocity & Force vs time (Ave)")
grid on
hold off

%yyaxis right
figure(11); % Force
ax1 = subplot(1,1,1)
yyaxis left
plot(Robot_states(:,3),vv);

5 of 7

7/7/22 5:03 PM

D:\Michael Wang\M...\Time domain_5_trials.m

ax1.XDir ='reverse'
xlabel('Position')
ylabel('Veclocity');
yyaxis right
plot(Robot_states(:,3),ff);
ax1.XDir ='reverse'
ylabel('Force')
title("Position & Force vs Z-position")
grid on
hold on
yyaxis left
plot(Robot_states2(:,3),vv2);
ax1.XDir ='reverse'
xlabel('Position')
ylabel('Veclocity');
yyaxis right
plot(Robot_states2(:,3),ff2);
ax1.XDir ='reverse'
ylabel('Force')
title("Position & Force vs Z-position")
grid on
hold on
yyaxis left
plot(Robot_states3(:,3),vv3);
ax1.XDir ='reverse'
xlabel('Position')
ylabel('Veclocity');
yyaxis right
plot(Robot_states3(:,3),ff3);
ax1.XDir ='reverse'
ylabel('Force')
title("Position & Force vs Z-position")
grid on
hold on
yyaxis left
plot(Robot_states4(:,3),vv4);
ax1.XDir ='reverse'
xlabel('Position')
ylabel('Veclocity');
yyaxis right
plot(Robot_states4(:,3),ff4);
ax1.XDir ='reverse'
ylabel('Force')
title("Position & Force vs Z-position")
grid on
hold on
yyaxis left
plot(Robot_states5(:,3),vv5,'-');
ax1.XDir ='reverse'
xlabel('Position')
ylabel('Veclocity');
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yyaxis right
plot(Robot_states5(:,3),ff5,'-');
ax1.XDir ='reverse'
ylabel('Force')
title("Position & Force vs Z-position (5 trials)")
grid on
hold off

figure(12); % Force
ax1 = subplot(1,1,1)
yyaxis left
plot(Robot_states_a(:,3),vv_a);
ax1.XDir ='reverse'
xlabel('Position')
ylabel('Veclocity');
yyaxis right
plot(Robot_states_a(:,3),ff_a);
ax1.XDir ='reverse'
ylabel('Force')
title("Position & Force vs Z-position (Ave)")
grid on
hold off
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